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Welcome Message

pollution management, host and co-host
workshops and seminars presented by
experts from home and abroad, develop
outreach programmes for learners and
engage constructively with industry,
government and other non-governmental
organisations.

Dear Conference Delegates
It gives me pleasure to welcome you
to the2020 Annual Conference of the
National Association for Clean Air (NACA)
held virtually for the first time from 16-20
November 2020. The world and South
Africa have been significantly impacted
by the spread of the COVID-19 virus. This
has been a year that could at best be
described as abnormal and more accurately
as devastating and tragic. Not only has the
virus claimed many lives it but, has also
impacted on the day to day well-being
of people despite the necessary social
distancing and lockdown measures.
Let me start by thanking the very important
sponsors of this year’s virtual conference.
The changed format for 2020 made
sponsorship a vital component of the
strategy and the following organisations
have made this event possible, Eskom,
Global Change Research Fund, Mine Dust
Network, University of Cape Town, Lakes
Software, South African Council for Natural
Scientific Professions (SACNASP), C&M
Consulting Engineers, Exito Environmental
Projects, National Metrology Institute of
South Africa (NMISA), Skyside South Africa,
Enviroserv Waste Management, NorthWest University, Optec Environmental,
Yellow Tree Environmental, NOVA Institute,
Testo, SI-Analytics, Levego, Envirocon
Instrumentation and Shepstone & Wylie
Attorneys.

The annual conference has and continues
to be NACA’s flagship public activity that
encourages practitioners to share research,
policies and experiences of the state of air
quality in the country. The conference allows
for the coming together of diverse and
frequently conflicting ideas and provides
a platform for debate and discussion. The
annual conference represents the single
most important event for disseminating
fact-based information on the state of
understanding in air pollution monitoring,
modelling, emissions, policy and human
health.
The Clean Air Journal (CAJ), is NACA’s
premier platform for electronic dissemination
of advances in air quality science and
management. In 2019 CAJ joined the
Khulisa Journals Group which is managed
by the Academy of Science of South Africa
(ASSAF). The readership of the journal
has and will benefit from this affiliation and
has performed well and attracted much
interest. CAJ has an independent Editorial
Team and Board to safeguard the integrity
of the publication. CAJ is proud to be an
open sources journal with no processing
costs. The journal issues can be accessed
online at https://www.cleanairjournal.org.za.
Two issues CAJ will be published in 2020
which highlights the state of science-based
research and policy development in the
community.

NACA has a core objective to promote the
cause of clean air in South Africa through
ongoing stakeholder engagement. To this
end NACA continues to organise training
events related to air pollution and air
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NACA hosted and co-hosted a series
of Seminars in 2020. A seminar was cohosted with the Department of Environment,
Forestry and Fisheries. It was held July 2020
and was titled: COVID-19 and Air Quality
in South Africa. This was a virtual event
that was well attended and highlighted a
diverse set of tools available to evaluate air
quality in South Africa including ambient
monitoring, satellite retrievals and modelling
(attendees 110). NACA – Western Cape
branch organized a seminar in August
which explored the implementation of
policy at an industrial facility level as well
as the application of portable and low costs
sensors in managing air quality (68 people
attended).

NACA must remain a major player in
the dissemination of science-based
information that can form the basis of
efficient management of air quality in South
Africa. As a community we need to think
of innovative ideas and introduce leading
technologies to ensure citizens of this
country are increasingly exposed to better
air quality. Thank you for participating in
the 2020 NACA virtual Conference. On
behalf of the Organising Committee as well
as NACA Council, I welcome you to this
event and wish you an informative enjoyable
experience.
Prof Stuart Piketh
NACA President

A Schools outreach platform was launched
on the NACA website which targets both
primary and secondary school learners. The
information is organized in a manner that is
accessible to both teachers and learners.
NACA – KwaZulu-Natal branch organized
an outreach event at Sobantu Secondary
School and Russell JP Primary School in
Pietermaritzburg in October 2020. The
learners and teachers were introduced to
all aspects air quality. This is a small start
to what will hopefully become an important
activity in NACA in the future.

Page | 5
Page | 7

NACA 2020 | Annual Conference Proceedings

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

2020 Local Organising
Committee
Agnes Makau
Beverley Terry
Gabi Mkhatshwa
Harold Annegarn
Roelof Burger
Renée le Roux
Stuart Piketh

Conference Organisers
Mongoose Communications
& Design (Pty) Ltd.
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Scientific Review Process

Dr Terri Bird
Airshed Planning Professionals

The 2020 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 the editors, Prof
Stuart Piketh and Prof Roelof Burger. 21
manuscripts were submitted to a blind
review by two independent reviewers.
4 had major corrections and 17 minor
corrections. Corrections were resubmitted
to original reviewers to confirm corrections
were incorporated under the oversight
of the editors. A total of 21 manuscripts
were accepted for publication in the 2020
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 by the
following 21 individuals:

Dr Lucian Burger
Airshed Planning Professionals
Dr Hector Chikoore
North-West University
Dr Gregor Feig
South African Environmental Observation
Network (SAEON)
Prof Patricia Forbes
University of Pretoria
Dr Gerhard Fourie
Mamadi & Company
Prof Rebecca Garland
CSIR
Dr Gerrit Kornelius
University of Pretoria
Dr Kristy Langerman
University of Johannesburg

Co-chairpersons of the
NACA 2020 Scientific
Review Committee

Dr Hanlie Liebenberg-Enslin
Airshed Planning Professionals
Prof Kobus Pienaar
North-West University

Professor Stuart John Piketh
North-West University
Professor Roelof Burger
North-West University

Prof Hannes Rautenbach
Akademia

Dr Joseph Adesina
North-West University

Dr James Tshilongo
MINTEK

Dr Katye Altieri
University of Cape Town

Dr Martin van Nierop
Gondwana Environmental Solutions

Prof Harold Annegarn
North-West University

Dr Johanna von Holdt
University of Cape Town

Dr Mokae Bambo
MINTEK
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List of Exhibitors
C&M Consulting Engineers
www.airpolguys.com| 012 803 5124

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

Envirocon Instrumentation
www.envirocon.co.za | 011 476 7323

SI Analytics
www.sianalytics.co.za | 011 444 7809

Enviroserv Waste Management
www.enviroserv.co.za | 011 456 5660

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

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

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

Exito Environmental Projects
https://exitosa.co.za/ | 011 391 8633
Lakes Environmental (Canada)
www.weblakes.com | +1 519 746 5995
Levego Environmental Services
www.levego.co.za | 011 608 4148
National Metrology Institute of
South Africa (NMISA)
www.nmisa.org | 012 841 2102

Testo South Africa (Pty) Ltd
www.testo.co.za | 021 300 3265
University of Cape Town
Mine Dust Network
Global Challenges Research Fund
www.uct.ac.za | 021 650 2699 |
talktous@minedust.org
Yellow Tree Environmental
www.yellowtree.co.za | 021 200 0082

North-West University
www.nwu.ac.za | 018 299 1582
Nova Institute
www.nova.org.za | 012 807 7991
Optec Environmental (Pty) Ltd
https://optec4.wixsite.com | 082 305 0599
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Programme

2020 NACA NATIONAL CONFERENCE
16 - 20 October 2020

Virtual (Online)

Monday, 16 November 2020
07:50 - 08:00

All registrants enter the chatroom
Session: Opening Plenary
Session Chair: Prof Stuart Piketh, National Association for Clean Air

08:00 - 08:05

Virtual conference format and arrangements

08:05 – 08:25

Opening by the President of the National Association for Clean Air
Prof Stuart Piketh

08:25 – 08:30

Word from Platinum Sponsor, Eskom

08:30 – 08:50

State of the Air Report
Dr Thuli Khumalo, National Air Quality Officer,
Department of Environment, Forestry and Fisheries

08:50 – 09:00

Questions & Answers

09:00 – 09:20

Key Considerations in Planning an Air Pollutant
Emissions Inventory
Dr Chris Dore, Director from Aether Ltd, United Kingdom

09:20 – 09:30

Questions & Answers

09:30 – 09:35

Word from Platinum Sponsor, SACNASP
Session: State of South African Air
Session Chair: Dr Kristy Langerman: University of Johannesburg

09:35 – 09:55

Exceedances Assessment of Criteria Pollutants in a Lowincome Community at South Africa Highveld
Joseph Adesina
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Programme

2020 NACA NATIONAL CONFERENCE
Monday, 16 November 2020 continued
09:55 - 10:15

Challenges Achieving and Maintaining ISO17025 Accreditation for
Stack Testing Laboratories - A South African Perspective
Gerald Woollatt

10:15 – 10:45

Session ends and break

10:45 - 10:50

All registrants enter the chatroom
Session: State of South African Air
Session Chair: Dr Rebecca Garland, CSIR

10:50 – 10:55

Word from Gold Sponsor, Shepstone & Wylie Attorneys

10:55 - 11:15

The Spatial and Temporal Distribution of Ambient Fine Particulate
Matter in a Low-income Settlement on the South African Highveld
Simon Moletsane

11:15 - 11:35

The State of Air Quality in a Low-income Settlement on the
South African Highveld
Lerato Tshisi
End of Day’s Proceedings
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Programme

2020 NACA NATIONAL CONFERENCE
Tuesday, 17 November 2020
07:50 - 08:00

All registrants enter the chatroom

08:00 - 08:05

Virtual conference format and arrangements

08:05 – 08:25

Creating Awareness for Better Air Quality in African Cities
Ms Cecilia Njenga, Head, UNEP Office in South Africa

08:25 – 08:35

Questions & Answers

08:35 – 08:40

Word from Platinum Sponsor, NMISA
Session: Air Quality Solutions and Management
Session Chair: Ms Gabi Mkhatshwa, Eskom

08:40 – 09:00

An Evaluation of the Effectiveness of Interventions to Transition
Low-Income Households Towards Cleaner Energy Sources on the
Mpumalanga Highveld
Bopaki Phogole

09:00 – 09:20

Air Quality Governance Instruments in South Africa: A Review
Phathutshedzo Mukwevho

09:20 – 09:55

Session ends and break

09:55 - 10:00

All registrants enter the chatroom

10:00 – 10:05

Word from Platinum Sponsor, University of Cape Town,
Mine Dust Network and GCRF
Session: Dust and Dust Control
Session Chair: Dr Johanna von Holdt, University of Cape Town

10:05 - 10:25

Dustfall in the Vicinity of Gold Tailings Storage Facilities on the East
Witwatersrand, South Africa: Seasonal Patterns and Trends
Kerusha Naidoo

10:25 - 10:45

Geostatistical Techniques Applied to Local Scale Air Quality
Assessment: West Wits Basin
Mbalenhle Mpanza
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Programme

2020 NACA NATIONAL CONFERENCE
Tuesday 17 November 2020 continued
10:45

Morning Session Ends
TECHNICAL SESSIONS AND WORKSHOPS

13:55 - 14:00

All enter the chatroom

14:00 -15:00

GCRF Mine Dust and Health Network Technical Session

15:00 - 17:00

Workshop I of II: Emissions Offsets in South Africa – Lessons Learnt
and Future Possibilities, Workable Solutions to Air Quality Problems
in South Africa and the Role of Emissions Offsets in South Africa

Wednesday, 18 November 2020
07:50 - 08:00

All registrants enter the chatroom

08:00 - 08:05

Virtual conference format and arrangements

08:05 – 08:25

Clean Heating for Residents in Rural Areas in Northern China
Dr Yuguang Zhou, Associate Professor of Bioenergy and Environmental
Science and Technology Laboratory at the China Agricultural University,
Beijing, PRC

08:25 – 08:35

Questions & Answers

08:35 – 08:40

Word from Platinum Sponsor, Lakes Environmental
Session: Emissions and Testing
Session Chair: Prof. Roelof Burger, North-West University

08:40 – 09:00

Coal Pellets as an Alternative Fuel for a Semi- continuous Coal Stove
Coenraad Meyer

09:00 – 09:20

Methanol Fuel Stoves as a Clean Technology for Domestic Cooking
in South Africa
Tlhomaro Marebane

09:20 - 09:40

Experience with Applications of US EPA Method 30B in South Africa
Loren De Koker
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Programme

2020 NACA NATIONAL CONFERENCE
Wednesday, 18 November 2020 continued
09:40 – 10:10

Session ends and break

10:10 - 10:15

All registrants enter the chatroom
Session: Modelling and Data
Session Chair: Renée von Greunewaldt, Airshed Planning Professionals

10:15 – 10:20

Word from Gold sponsor, Exito Environmental Projects

10:20 - 10:40

Computational Modelling of a Laboratory Scale Electrostatic
Precipitator: The Effect of Discharge Electrode Geometry and Fly-Ash
Composition
Adriaan de Lange

10:40 - 11:00

Air Quality Monitoring Data Recovery in Gauteng: Too Little to trend?
Daniel During

11:00– 11:20

Considering the Use of AERMOD as a Regulatory Tool at the Intraurban Scale (E-Poster, Micro Talk)
Prince Chidhindi

11:20

Morning Session Ends
TECHNICAL SESSION

13:55 - 14:00

All enter the chatroom

14:00 -15:00

Eskom Technical Session: Discussion on Eskom’s Just Energy
Transition Plans
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Programme

2020 NACA NATIONAL CONFERENCE
Thursday, 19 November 2020
07:50 - 08:00

All registrants enter the chatroom

08:00 - 08:05

Virtual conference format and arrangements

08:05 – 08:25

Benefits of Transitioning to Cleaner Energy and Transport: A case
study for Greater Sydney, Australia
Dr Yvonne Scorgie, Senior Team Leader, Acting Director, NSW
Department of Planning, Industry and Environment, Australia, Air Quality
and Health

08:25 – 08:35

Questions & Answers
Session: Air Quality and Human Health
Session Chair: Mrs Ruth Wandera, Skyside

08:35 – 08:40

Word from Platinum Sponsor, Skyside

08:40 – 09:00

Simulated PM2.5 Attributable to Coal-fired Power Plants in the Highveld
Patricia-Ann van der Walt

09:00 – 09:20

Improving Health Risk Assessments of PM2.5 from Coal-Fired Power
Stations
Siyabonga Simelane

09:20 - 09:40

The Air we Breathe: Indoor and Ambient Air Quality in South African
Low-income Residential Communities (E-Poster, Micro Talk)
Brigitte Language

09:40 – 10:00

Probable Health Risk Assessment of BTEX Concentrations at an
International Airport in South Africa (E-Poster, Micro Talk)
Raeesa Moolla

10:00 – 10:30

Session ends and break

10:30 - 10:35

All registrants enter the chatroom
Session: Atmospheric Research
Session Chair: Dr Troy Govender, SACNASP
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Programme

2020 NACA NATIONAL CONFERENCE
Thursday, 19 November 2020 continued
10:35 - 10:55

10:55 - 11:15

11:15

Soft Computing Approach to Predicting the Effect of Particulate
Matter on Solar Radiation: A case study of Western Cape
Yetunde Olorunfemi
Characterizing the Microphysics of Fog in Relation to CCN along the
West-coast of Namibia
Gabriella Khumalo
Morning Session Ends
WORKSHOP

13:55 - 15:00

All enter the chatroom

15:00 - 17:00

Workshop II of II: Emissions Offsets in South Africa – Lessons Learnt
and Future Possibilities, Implementation of Offsets in South Africa

Friday, 20 November 2020
07:50 - 08:00

All registrants enter the chatroom

08:00 - 08:05

Virtual conference format and arrangements
Session: Plenary
Session Chair: Prof Stuart Piketh

08:05 – 08:25

Mercury Speciation in the Atmosphere: Are the Measurement Data
Comparable?
Prof. Dr. Milena Horvat is currently Head of the Department of
Environmental Sciences at the Jožef Stefan Institute, Slovenia
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Programme

2020 NACA NATIONAL CONFERENCE
Friday 20 November 2020 continued
08:25 – 08:35

Questions & Answers

08:35 – 08:40

Word from Platinum Sponsor, C&M Consulting Engineers
Session: Air Quality Solutions and Management
Session Chair: Prof. Dr Milena Horvat is currently Head of the Department
of Environmental Sciences at the Jožef Stefan Institute, Slovenia

08:40 – 09:00

Exploring Transportation-related Emission Sources Through Air
Quality Management Plans
Thehann Van Niekerk

09:00 – 09:20

Assessment of Indoor Particulate Matter Concentrations in Coal and
Noncoal Reliant Formal and Informal Households in Mpumalanga
Highveld
Simon Moletsane
Session: Atmospheric Research
Session Chair: Prof Stuart Piketh

09:20 - 09:40

09:40 - 10:00

Runner’s Exposure to Ambient BTEX Concentrations Along
Roadsides: A Case Study in Bedfordview, South Africa
Raeesa Moolla
Classification of Major Aerosol Types and their Seasonal Variations
Over Welgegund, using Sunphotometer Data
Ruben Leeuwner

10:00 - 10:20

Domestic Solid Waste as a Potential Source of Air Pollution in
Mahikeng (E-Poster)
Vincent Keaiketse

10:20 - 10:35

Awards for Best Paper and Best Poster
Prof Stuart Piketh, President of the National Association for Clean Air
Conference Ends
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Keynote Speakers
KEY CONSIDERATIONS IN PLANNING AN AIR POLLUTANT EMISSIONS INVENTORY
Dr Chris Dore
Director from Aether Ltd, United Kingdom

Abstract
National emission inventories provide valuable information to a range of stakeholders on emission
trends and source apportionment. However, they can be also a cornerstone of air quality policy
formation by providing estimates of the future impacts of policies, and comparisons of different
future scenarios. To do this, emission inventories need to be set up and developed in the right way
e.g. estimating emission projections, resolving emission sources in detail, and providing information
about the location of emissions. Establishing all of the data flows to allow this type of analysis can
be complex, and the institutional arrangements required to support an effective emissions inventory
will very much depend on national circumstances. But there are some well-established national
emissions inventory programmes in other countries to draw on, and these show that investing time
in the planning and design of an emissions inventory system will bring substantial benefits.
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MERCURY SPECIATION IN THE ATMOSPHERE: ARE THE
MEASUREMENT DATA COMPARABLE?
Prof. Dr. Milena Horvat
Head of the Department of Environmental Sciences at the Jožef Stefan Institute, and Dean of the
International Postgraduate School Jožef Stefan, Slovenia

Abstract
Mercury is a global contaminant present in the atmosphere in different forms as a result of
anthropogenic activities and natural processes. When in air, mercury can be carried long distances
across the hemisphere, depositing onto terrestrial and aquatic environment, where it is taken into
the food web or re-emitted into air. Atmospheric Hg fractions are operationally defined as gaseous
elemental mercury (GEM, Hg0), gaseous oxidized mercury (GOM, Hg2+), particulate-bound
mercury (PBM, Hg-p) and total gaseous mercury (TGM). Since the atmosphere presents the major
pathway for global Hg transport, understanding the atmospheric Hg cycle is of great importance.
Hg speciation is therefore a critical parameter of understanding the Hg atmospheric cycle.
Even though GEM is the most abundant atmospheric Hg form, PBM and especially GOM are also
crucial in atmospheric Hg cycle as they serve as atmospheric mercury sink. Since GOM and PBM
are more soluble and have shorter lifetimes than GEM, the knowledge of their wet and dry deposition
and the occurring oxidation patterns is required. Method calibration, quantification of interferences
and fundamental research on the speciation and behaviour of these species is needed.
Results obtained for oxidized mercury species in air are largely dependent on the method used
for separation of different mercury species/fractions. Moreover, due to the absence of common
calibration of the instruments, the results cannot be directly compared. Reliable comparison of
such data presents a great challenge for researcher. Metrological traceability of atmospheric Hg
measurements needs to be ensured in order to achieve comparable data, starting at traceable
calibration of the analytical instrument. The direct measurement of gaseous Hg(II) has become a
major focus of international research programmes for continuous source emission and ambient
measurement and monitoring. These measurements are dependent on the availability of reliable
Hg(II) gaseous reference standards and materials to assess and verify the quality of data. In most
existing methods for mercury measurements, it is typical that different oxidized mercury species
are reduced to the detectable elemental form in order to be quantified. Reliable Hg(II) reference
gases are needed to quantify this conversion and to assess the ability to quantitatively transfer
especially the reactive Hg(II) through the entire measurement system.
The presentation will address recent advances related to comparability of oxidized Hg measurements
achieved through the EURAMET European Metrology Programme for Innovation and Research
(EMPIR) – MercOx and compare the outcomes with developments in other parts of the world.
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STATE OF AIR IN SOUTH AFRICA: 2020 REPORT
Dr Thuli N. Khumalo
National Air Quality Officer, The Department of Environment, Forestry and Fisheries

Abstract
The purpose of State of Air for South Africa, 2020 is to give an overview of the state of air quality in
the country, providing insight into the sources of emissions, and their associated health, welfare,
and broader environmental effects. The report summarizes current status of ambient air quality
nationally, management practices, developments in legislation as well as exploring opportunities
for reducing emissions and improving the quality of the air. In characterizing the national state of air
quality, reference is made to air quality monitoring data for over 120 stations across the country. The
report focuses mainly on two criteria pollutants, PM10 and SO2. A summary of industrial emissions
inventories is also presented based on emissions from 2019. Highlights of major programmes and
new developments on various interventions to improve air quality in South Africa are shared. Finally,
future air quality management developments will be presented for stakeholders to take note of,
especially changes in the legislation.
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CREATING AWARENESS FOR BETTER AIR QUALITY IN AFRICAN CITIES
Ms Cecilia Njenga
Head, UNEP Office In South Africa

Abstract
Reducing air pollution in Africa could potentially prevent thousands of premature deaths, reduce
crop yield loss and contribution to climate change. However, there is little evidence generated in
Africa to support policy action and interventions targeted to reducing air pollution levels and its
impacts. This may be because there is a dearth of ground air quality monitoring in Africa, paucity of
health studies to build evidence on the magnitude of mortalities, morbidities and loss of productivity
from ill-health associated with air pollution. Furthermore, there is inequality in accessing clean air
and experiencing ill health as these impact the poor and vulnerable populations more. Accurate
and timely information is a powerful tool to mitigate the harmful effects of air pollution, but this is
scarce, costly or inaccessible to most Africans. Leveraging emerging technologies and media to
communicate to a wider, dynamic and vibrant community can be useful in bridging this gap. It is
in this context the United Nations Environment Programme (UNEP), together with UN-Habitat and
partners piloted the Urban Air Quality Platform, an innovative real-time integrated platform that
showcases initial mapping of air quality in African cities.
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AIR QUALITY AND HEALTH BENEFITS OF TRANSITIONING TO CLEANER ENERGY AND
TRANSPORT: A CASE STUDY FOR GREATER SYDNEY, AUSTRALIA
Dr Yvonne Scorgie
Senior Team Leader / Acting Director, NSW Department of Planning, Industry and Environment,
Sydney, New South Wales, Australia

Abstract
Although air quality in Sydney and other Australian cities is generally good with typical air pollutant
concentrations lower than levels in many other parts of the world, air pollution continues to impact
human health and the economy. Chronic exposure to fine particle pollution from anthropogenic
sources is estimated to result in billions of dollars of annual health costs in the Greater Sydney
metropolitan region of New South Wales (NSW). Acute exposures to bushfire smoke impacts can
significantly increase the health burden in some years, such as in 2019-20 when smoke from large
scale wildfires impacted the more densely populated eastern Australian seaboard.
The NSW Government is committed to taking responsible action on climate change, with a plan
to reduce greenhouse gas emissions by 35 per cent below 2005 levels by 2030 and a goal of
achieving net zero emissions by 2050. Major programs include actions to accelerate the uptake
of renewable energy and electric vehicles, and to increase energy efficiency within residential,
commercial and industrial sectors. Addressing climate change by transitioning to cleaner energy
and vehicles can deliver air quality improvements and associated health and economic benefits.
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CLEAN HEATING FOR RESIDENTS IN RURAL AREAS IN NORTHERN CHINA
Dr Yuguang Zhou
Associate Professor of Bioenergy and Environmental Science and Technology Laboratory
at the China Agricultural University, Beijing, PRC

Abstract
According to the report, Statistical Review of World Energy 2020, China remained the largest coal
production and consumption country on earth during 2019, contributing 47.6% and 51.7% of the
total, respectively. With the increasing pressure of environment pollution and clean energy demand,
China has made enormous strides in raising its share of renewable energy in overall energy
consumption. Kinds of sustainable energy such as natural gas, electric, biogas and solid biofuel
are actively promoted to reduce domestic emissions from solid fuel combustion in rural areas. Our
tests and research had shown significant improvements in indoor and outdoor air quality in villages
in Hebei Province, with a coal-to-electricity/gas shift. Considering the economic affordability of
clean energy and the inherent straw resources in rural areas, biomass energy has gained increased
attention in the clean energy transformation in rural domestic heating and cooking sector.
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Exceedances assessment of criteria pollutants in a low- income community in the
South Africa Highveld
Joseph A Adesina1,3, Stuart J Piketh1,3 and Gabi Mkhatshwa2,3
1School

of Geo- and Spatial Science, Unit for Env. Sc. and Management, North-West University, Potchefstroom
jadesina173@gmail.com, Stuart.Piketh@nwu.ac.za
2Eskom, Air Quality, Climate Change and Ecosystem Management Research, Research Testing and
Development, Cleveland, South Africa, 2022 gabi.mkhatshwa@eskom.co.za
3EPPEI Specialisation Centre for Emissions Control, Centre of Excellence for Carbon-Based Fuels, North-West
University, Potchefstroom 2520, South Africa

Major environmental health challenges are linked to ambient air pollution. This air
pollution is worse in low-income communities and highly industrial locations because
high concentrations of pollutants are being emitted into the atmosphere. The World
health organization (WHO) is particularly concerned about the ambient concentrations
of Particulate Matter (PM10, PM2.5), Sulphur dioxide (SO2), Nitrogen dioxide (NO2), and
Ozone (O3). A monitoring station was set up in a low- income community
(Kwazamokuhle) to monitor these pollutants. Using twelve months’ data (March 2017
to February 2018), the annual concentrations of these pollutants were 60, 34, 39, 19,
and 81 µg/m3 respectively with PM10, and PM2.5, exceeding the annual National
Ambient Air Quality Standard (NAAQS) standard. The diurnal pattern shows PM 10,
PM2.5, and SO2 have double maxima corresponding to the cooking pattern of the
community dwellers. Seasonally, all pollutants have their maximum concentrations
during the winter except O3 that has its maximum during the spring and summer.
During the period, PM10 and PM2.5 concentrations exceeded the NAAQS for 104, 190
(55, 30 %), and the World Health Organisation (WHO) 24 hrs standard for 125,225
(66, 36 %) days respectively. All other pollutants showed a positive correlation with
each other apart from ozone.
Keywords: Exceedance, Particulate Matter, Ozone, Sulphur dioxide, Nitrogen dioxide

1. Introduction
Combating the negative effects of air pollution has
now become a global issue. Every country is striving
to have or maintain a clean air environment. Major
findings from air quality studies show that air
pollution causes increasing respiratory diseases,
complications in mind and thought processes,
premature deaths, poor visibility and climate change
to mention a few (Lelieveld et al., 2015, Lin et al.,
2014, Torres et al., 2018, Westervelt et al., 2016,
Wang et al., 2013b). The World Health Organization
(WHO) is particularly concerned about five major
pollutants and guideline values that were set for
them (WHO, 2018). These pollutants are particulate
matter (PM2.5, PM10), sulphur dioxide (SO2),
nitrogen dioxide (NO2,), and ozone (O3). In South
Africa, government efforts are been geared towards
achieving a clean environment by setting air quality
standards (DEA, 2009) and putting a strategy in
place to address air pollution especially in lowincome settlements (DEA, 2016). This study is the
analysis of twelve months’ data from ESKOM
monitoring station in a low-income community. The
aforementioned five pollutants were analysed for

temporal variations in terms of diurnal, monthly,
seasonal, and annual concentrations.

2. Methodology
The data used for this paper was from ESKOM
monitoring station (26.138395o, 29.738756oS) at
Kwazamokhule downloaded from ECOSTAT
Environmental
Data
Solutions
http://www.ecostat.co.za/EcoDownload.aspx data
interface. The data was downloaded as hourly
concentrations and the data was manually cleaned
to remove all the negative concentrations and those
that are as a result of a power cut. The data
recovered for each pollutant's hourly concentrations
can be seen in Table 1. We analysed the hourly
averages to find the diurnal pattern, we then looked
at the daily, monthly, and annual averages. We used
ANOVA to find if there were significant differences in
the seasonal concentrations of the pollutants. The
Pearson’s correlation coefficient was used to find the
statistical relationships first between the pollutants
and later the pollutants and wind parameters.
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Table 1: The overall statistics (minimum, 1st quartile, median, mean, 3rd quartile, maximum) of the data used for the study.
We have the total number of data used and the percentage recovered after cleaning.

STAT
Min

WD
(deg)
0.04

WS
(m/s)
0.00

PM10
(µg/m3)
0

PM2.5
(µg/m3)
0

SO2
(µg/m3)
0

NO2
O3
(µg/m3) (µg/m3)
0
0

1st Q

88.46

1.29

18

7

9

7

39

Median

161.23

2.32

40

19

19

15

70

Mean

174.07

2.68

60

34

39

19

81

3rd Q

271.07

3.83

75

40

43

24

112

Max

359.95

10.00

520

466

1531

259

1251

N Data
%Data

8455
96.5

8454
96.5

8218
93.8

8277
93.9

7678
87.6

3. Result and Discussion
3.1 Wind speed and direction
Figure 1 shows the seasonal wind rose of
Kwazamokuhle. There are seasonal differences in
wind speeds and direction. The mean wind speed
was highest during the spring 3.2 m/s and closely

7141
81.5

7238
82.6

followed by the summer 3.1 m/s, then the winter 2.5
m/s and minimum during the autumn 1.9 m/s. The wind
direction during the spring is more predominant from
NW, NE, and Eastern parts of the township and
similarly in summer. Whereas during the autumn, it is
from the SE and partly from the South and East
directions, and during the winter there seems to be no
preferred wind direction. This has a way of keeping the
pollutants moving around the community thereby
aiding the high concentration of the pollutants during
the season. Earlier works also showed the effect of the
planetary boundary layer making the wind get trapped
(Alade, 2011, Seinfeld and Pandis, 2016).

3.2 Temporal variation of pollutants

Figure 1: Windrose showing the seasonal characteristics of
the wind speed and the wind direction. It also indicates the
seasonal mean of the wind speed and the percentage calm
condition.

The diurnal pattern of the PM10 and PM2.5 from
Figure 2a showed two peaks which coincides at about
07:00 hours in the morning and again at 18:00 hours
in the evening. This corresponds to the burning
pattern of the community. Since most of the
community dwellers use solid fuel for cooking and
space heating, this makes the PM concentrations to
go high during these periods. This was also the same
in Kwadela another low-income community (Burger et
al., 2015).
In terms of the monthly mean concentrations
(Figure 2b), PM10 has double peaks; June and August
while PM2.5 has its maxima in June and July. The
minimum monthly concentration for PM10 occurred in
February while the maximum was in August with
values of 30 and 94 µg/m3 respectively. PM2.5 has the
minimum mean concentration value in February and
maximum in July with values of 16 and 57 µg/m3
respectively. Although PM10 and PM2.5 have similar
sources PM10 is impacted more from ground level
fugitive dust while PM2.5 more from coal combustion
(Wang et al., 2013a). This could explain why PM10
value in July may be a bit low depending on how
much dust is blown into the atmosphere. Also, the
median concentration values of PM10 (not shown
here) were similarly high during the winter.
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in winter for SO2 (56 µg/m3) and NO2 (25 µg/m3) and
lowest during the summer SO2 (21 µg/m3)

Figures 2 a & b: Time variation plots of the mean
and 95% confidence interval in the mean of PM10
and PM2.5 showing (a) diurnal, and (b) monthly
characteristics

The time variation of SO 2, NO2, and O3 are
shown in Figures 3 a & b. The diurnal range of
SO2 shows a similar pattern like the PM with the
morning peak occurring at about 11:00 hours and
the afternoon peak at about 18:00 hours. NO2 has
only one conspicuous peak at 18 hours in the
evening. The O3 was a bit different, it has its peak
at midday (due to photochemical reaction in the
atmosphere). SO2 has it's maximum and
minimum in June and January with
64 and 17 µg/m3 respectively while NO2 has its
maximum and minimum monthly mean in June
and February with values of 29 and 10 µg/m3 but
O3 maximum and minimum values occurred in
December and June with values of 137 and 31
µg/m3 respectively.
In terms of the season (Table 2), the minima
concentrations for the PM10 and PM2.5 were 36
and 17 µg/m3 during the summer– December,
January, February (DJF) while the maxima were
89 and 55 µg/m3 during the winter – June, July,
August (JJA) respectively. Their annual mean
concentrations were 60 and 34 µg/m3
respectively. These exceeded the NAAQS
(National Ambient Air Quality Standard) during
the study year. The seasonal values were highestPage

Figures 3 a & b: Time Variation plots of the mean and 95%
confidence interval in the mean of values of SO2, NO2 and O3
showing (a) diurnal, and (b) monthly characteristics

and NO2 (11 µg/m3) while O3 has its maxima during
the spring – September, October, November (SON)
and summer (107 µg/m3) and minimum in winter
(57µg/m3). None of the pollutants has either maximum
or minimum concentrations during autumn – March,
April, May (MAM).
Table 2: The seasonal and annual mean concentrations of
pollutants in µg/m3 from March 2017 to February 2018
Month

PM10

PM2.5

SO2

NO2

O3

(MAM)

56

37

39

23

(JJA)

89

55

56

25

57

(SON)

56

25

33

16

107

(DJF)

36

17

21

11

107

Annual

60

34

39

19

81

NAAQS

40

20

50

40

-

58

Table 3 records the exceedances of the pollutants
based on WHO and NAAQS. PM2.5 exceeded the
WHO standard for 225, 125 (66, 36 %) days
respectively, and PM10 for 190, 104 (55 30 %) days
respectively. The SO2, NO2, were within the limits
while O3 8 hours rolling mean exceeded the NAAQS
by 1602 times. The high concentrations of
|standard
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O3 at the Highveld had been reported by an earlier
researcher (Laakso et al., 2012).
Table 3: The exceedances table for the pollutants both for
the WHO and NAAQS standards
Pollutant

WHO

NAAQS

24hrs

24hrs

Allowed

Hr

PM2.5

225

125

4

-

-

PM10

190

104

4

-

-

SO2

0

3

4

45

88

NO2

-

-

2

88

O3 (8hr)

-

-

1602

11

Table 4 reflects the Pearson’s correlation
coefficient between the pollutants. PM10 was strongly
correlated with PM2.5 (0.80). NO2 correlation with
PM10 (PM2.5) was 0.54 (0.55) respectively. SO2
correlation with PM10 (PM2.5) also was 0.35 (0.38)
respectively. A positive correlation between PM,
NO2, and SO2 should be expected since SO2 and
NO2 can be formed from the oxidation of coal
combustion by-products.
The wintertime increase in the concentration of
these pollutants came not only from the increased
coal combustion but also from open biomass burning
which is very common during this period (Hersey et
al., 2015). This result is also not too different from
what is obtainable in other parts of the world (Fu et
al., 2018, Hsu et al., 2010). All pollutants correlate
negatively with O3.
Table 4: Correlations between the pollutants using the
hourly concentrations of each pollutant from March 2017
to February 2018, significant at p < 0.01
PM2.5

PM10

0.80

PM2.5
SO2
NO2

SO2

Property PM10

PM2.5

SO2

NO2

O3

WD
WS

0.07
-0.17

0.27
-0.01

0.27
NS

0.11
0.38

0.11
-0.1

Allowed

3.3 Correlations between pollutants

Pollutant

Table 5: Correlations between the hourly concentrations
of the pollutants and the wind parameters from March
2017 to February 2018, significant at p < 0.01

NO2

O3

0.35

0.54

-0.17

0.38

0.55

-0.18

0.49

-0.06
-0.21

3.4 Correlation with wind parameters

4. Conclusions
Five major pollutants were analysed for temporal
variation in concentration. The diurnal concentrations
of PM10, PM2.5, and SO2 exhibited double peaks, one
in the morning and the other in the evening. NO 2 has
one peak in the evening while O3 peaks at midday. All
pollutants have maximum concentrations during the
winter apart from O3 which occurred during the spring
and summer. There are significant differences in the
seasonal concentrations of the pollutants except for
O3. The NAAQ exceedances of the concentrations of
these pollutants; PM10, PM2.5, and O3 calls for concern.
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South Africa recently ratified the Minamata Convention which, recognising the international risk of the
distribution of mercury, seeks to manage its emissions to atmosphere. There has been increased
interest in the measurement of mercury from coal-fired boilers and the use of Method 30B as the
proposed reference method for this purpose. US EPA 30B is a sorbent-tube trap method for the
sampling of mercury. Two parallel samples are collected simultaneously and the results from the two
samples need to correspond within 10% to accept the results. The tubes are placed in a temperatureregulated sheath at the inlet to the sample train to prevent the possibility of mercury loss as gas is
pulled through glassware and a filter before being trapped in solution. For this reason, 30B is
considered to be a better method than US EPA 29 for the reporting of mercury and is now the reference
method for the calibration of continuous emission monitors. This paper reports on experiences with
the application of this method in South Africa and considers the practicality and ease of use for reliable
reporting.
Keywords: mercury, Minamata, sorbent tube

1. Introduction
Mercury (Hg) is a toxic heavy metal that poses a
global threat to human health and the environment.
Together with its various compounds, it has a range
of severe health impacts, including damage to the
central nervous system, thyroid, kidneys, lungs,
immune system, eyes, gums and skin. Victims may
suffer memory loss or language impairment, and the
damage to the brain cannot be reversed. There is no
known safe exposure level for elemental mercury in
humans, and effects can be seen even at very low
levels. Foetuses, newborn babies and children are
amongst the most vulnerable and sensitive to the
adverse effects of mercury. Mercury is transported
around the globe through the environment, so its
emissions and releases can affect human health and
the environment, even in remote locations.
Recognising this risk, 124 Countries are Parties to
the Minamata Convention on Mercury to protect
human health and the environment from
anthropogenic emissions and releases of mercury
and mercury compounds. South Africa is one.
Lesotho, eSwatini, Mozambique, Zimbabwe,
Botswana, Namibia, Zambia and Angola are
Signatories or Parties to the Convention as well
(UNEP, 2020).
Mercury emissions are a particular concern in the
power generation sector, where trace concentrations
of mercury in coal and natural gas translate into
particulate and gaseous emissions in the stack.
These present a challenge to measure continuously.
The United States Environmental Protection Agency
(US EPA) has promulgated standard method EPA
30B for use as a reference method for relative
accuracy test audits (RATAs) of vapour phase
mercury continuous emission
measurement
systems (CEMS) and sorbent trap monitoring

systems installed at coal-fired boilers and is also
appropriate for Mercury emissions testing at such
boilers . The US EPA, recognising the difficulty and
cost of maintaining continuous emissions monitoring
for mercury, has endorsed monthly manual
measurement for reporting using this technique.
Method 30B is a sorbent tube method that traps
mercury for subsequent analysis. Typically, this
method has a higher recovery than wet chemical
methods and thus a better representation of the
mercury content of sources because mercury is not
lost in the sampling train or in the aggressive
extraction techniques needed to recover mercury for
analysis in the laboratory. This method, however,
comes with certain challenges that limit its usability
in South Africa.
This paper serves to investigate and establish
validity and viability of the use of this method in
South Africa, in comparison with the more commonly
used US EPA Method 29, drawing from experience
in its application at a major boiler operator.

2. Theory of Measurement
A sample of gas is extracted from the duct through
a sample train. The sampler comprises two parallel
identical sampling trains. The sampling flows are
controlled using two mass flow controllers (MFC).
The gas is first drawn concurrently through a pair of
in-stack sorbent tubes (the sorbent used is an
activated charcoal material) which are housed in a
sealed probe, heated or cooled to maintain a
temperature of 130ᵒC to prevent moisture
condensation in the tube and loss of sample through
volatilisation. The sample flow rate is kept relatively
low, to ensure sufficient residence time in the
sorbent bed, and flows are independently verified to
ensure that the degree of uncertainty with the
volume of the sample is restricted. Thereafter, the
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gas stream is passed down the sample line through
the Drierite moisture absorber to rapidly remove
moisture from the gas stream. The dry gas stream is
then passed through the Sampling Console where
the volume of gas is determined, corrected to
standard temperature and pressure conditions. The
sampling train layout is shown in Figure 1 (US EPA
Method 30B).
The two sorbent tubes are sealed on site and are
then submitted to the laboratory for analysis by cold
vapour atomic absorption spectrometry (CVAAS).
Strict tolerances for acceptance based on the
comparative results between the tube pair are
applied to assess whether the results are accepted.
These quality control criteria include the following
(US EPA Method 30B):
1. Gas flow meter verification
In addition to a full calibration across multiple set
points, US EPA method 30B requires a single point
verification of the gas flow meter with a reference
flow calibrator after every test to ensure the degree
of uncertainty associated with the sample volume
is minimised.
2. Pre- and post-test leak checks
Leak checks are strictly required before and after
each test run. A successful leak check (i.e. less
than 4% of sampling rate) validates the
corresponding sample pair. An unsuccessful leak
check invalidates the corresponding sample pair.
3. Sorbent trap paired agreement/relative
deviation
An agreement in mercury concentration between
the paired samples of greater than 90% (i.e. less
than 10% relative deviation, as referred to in
Method 30B) is required for a test run to be valid.
This, of course, can only be determined once the
samples have been analysed.
4. Field recovery
The field recovery test is an indicator to verify the
combined performance of both the sampling and the
analysis. The test involves the collection and
analysis of a minimum of three pairs of tubes per test
series, one tube of each pair spiked with a known
level of Mercury. One suitable method of spiking
involves the addition of an aliquot of known volume
and concentration of a NIST-certified or NISTtraceable mercury salt solution (e.g. HgCl2) to a
reactor which contains a reducing agent (e.g.
stannous chloride); in this reactor, the mercury salt
is reduced to elemental mercury and then purged
onto the sorbent trap via an impinger sparging
system (US EPA Method 30B). The average
recovery of the spiked Mercury is used to verify the
test performance under the test conditions. This
recovery must fall between 85-115%. These tests
can be used as actual runs if the paired agreement,
after considering the spiked Mercury, is satisfactory.
5. Sample breakthrough

As with similar sorbent trap methods (e.g. US EPA
method
18,
used
for
speciated
VOC
measurements), breakthrough analysis is crucial to
verify efficient capture of mercury into the tube. The
sorbent tube consists of a primary and secondary
bed, analysed separately to determine the
breakthrough.

3. Comparison with Method 29
US EPA Method 29 is a wet chemistry method
where mercury is captured in both particulate matter
and gaseous form. A representative sample of gas
is extracted from the duct under a controlled flow and
known sample volume, through a sampling train with
the dust being collected on the filter, and the
gaseous form being collected in absorbers
containing acidified potassium permanganate. The
sampling train layout is exhibited in Figure 2.
As found in many cases in the US where Method
30B is extensively used, Method 30B has a higher
recovery (Sanderson, 2016; Ohio Lumex Co. Inc.
[webinar] 14 November 2019) and thus a better
representation of the mercury content of sources
because mercury is not lost in the sampling train or
in the aggressive extraction techniques needed to
recover mercury for analysis in the laboratory, as
required in the more commonly used method 29. The
major difference between the two methods is the
position and mechanism of the mercury capture: in
Method 30B, the mercury is captured immediately in
the in-stack sorbent tubes, while in Method 29,
mercury is captured in the filter and impinger
solutions after passing through a probe and
interleading glassware. Gaseous mercury is
notorious for adsorbing onto cold surfaces, and the
wet chemical method may result in mercury loss,
leading to understated concentrations.
Furthermore, Method 30B is much simpler to
execute than US EPA 29 because there is limited
preparation and no chemical clean up or handling.
Safety considerations are limited to the operating
environment and the handling of hot materials but
there is no exposure to acids and other chemicals.
There is also a lower risk of contamination or loss in
sample recovery due to no chemical handling.
Sorbent tubes are also available to analyse the
elemental to oxidised mercury ratio which would
provide crucial data for planning for control devices
as different forms of mercury require different
abatement techniques.
Where Method 29 is used to report the partition
between gaseous and particulate-bound mercury,
one needs to note that dust trapped on the filter may
further trap gaseous mercury, leading to an
overstatement of the particulate-bound mercury (and
a similar understatement of the gaseous phase).
This is relevant where tests are being conducted to
assess mercury treatment options.
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Particulate can interfere in the execution of
Method 30B and the US EPA specifically states that
the method is only applicable for low-dust streams
such as after filters or precipitators. If the particulate
concentrations are elevated, the sampling needs to
be conducted isokinetically. This is challenging
given the small sample volumes and the dimensions
of the glass tubes and associated nozzles.

4. Experience of application of Method 30B
in South Africa
SKYSIDE recently undertook an extensive survey
on mercury emissions from a coal boiler on behalf of
a major boiler operator. The tests were conducted at
the outlet of the electrostatic precipitator attached to
the boiler. Four tests per day were performed to
develop a trend in mercury emissions over the
course of a week. A sample of gas was extracted
from the duct through a sample train, as per US EPA
Method 30B. Tests were conducted alternately for
total mercury and gaseous speciated mercury with
the fraction of particulate mercury determined by
difference. Tubes had been spiked by the laboratory
prior to shipment and the recovery of the spiked
mercury (i.e. the Field Recovery Test) was tested at
least once per day during the campaign. The
sampling train (Figure 3) and sorbent traps were
sourced and prepared by Ohio Lumex, based in the
US.
SKYSIDE found the Ohio Lumex equipment clear
and workable and the quality control procedures
were effective to the point where a sample pair
acceptance rate of 95% for the method was
achieved. A summary of the quality assurance and
quality control (QA/QC) data for this survey is shown
in Table 1.
The mercury results obtained from this survey
were, on average, three times greater than
expected, based on a previous survey conducted at
the source using US EPA 29. Both total mercury and
the form of the mercury (using speciation) were
reviewed in this survey. The results from this survey
were in line with that of similar boiler operations in
the US, where significantly more historical data of
this method is available.
Table 1: QA/QC Results of SKYSIDE Hg Survey
QA/QC criteria

Acceptance
range

Result

<10
<10

1.5 ± 2.0
1.1 ± 0.4

Elemental Hg (Hg0)b
Relative deviation (%)
Sample breakthrough (%)

<10
<10

3.3 ± 4.7
0.3 ± 0.8

Oxidised Hg (Hg2+)a
Relative deviation (%)
Sample breakthrough (%)

<10
<10

3.4 ± 4.1
0.2 ± 0.3

Average field recovery (%)

85 - 115

90c

Total Hga
Relative deviation (%)
Sample breakthrough (%)

a

Result interval for total Hg and Hg2+ reported at 95% confidence for a total
sample size of 10 sample pairs (all pairs accepted).
b
Result interval for Hg0 reported at 95% confidence for a total sample size
of 9 sample pairs (one pair rejected).
c
Field recovery is an average of 4 tests (minimum of 3 tests required).

5. Lessons learnt
Method 30B

from

application of

One setback of using this method in South Africa
is the lack of laboratories able to analyse these
samples. Since this method is not widely used in
South Africa, laboratories are not equipped to
analyse sorbent traps for mercury. Samples would,
therefore, need to be analysed in the US, which is
an additional cost. This method is recognised in the
US as a cheaper alternative to US EPA 29, given the
simpler execution, limited preparation and reduce
equipment requirements, however since this method
is not widely used in South Africa, sourcing of
equipment, consumables and analysis is imported
from the US and is ultimately a more expensive
alternative. This is one of the greatest hinderances
contributing to the viability of the use of this method
in South Africa.
One of the major limitations of Method 30B is the
limited quantification of particulate matter-based
mercury. The method, when applied verbatim, is not
suitable for quantifying the particulate fraction of
mercury representatively as the method is not an
isokinetic test. In the US, mercury is only regulated
in gaseous form, as dust is regulated separately
(Ohio Lumex Co. Inc. [webinar], 14 November
2019), however this is not the case in South Africa.
An isokinetic train can be arranged for this method
as a modification, however particulate mercury
cannot be determined in isolation from gaseous,
which then requires simultaneous total mercury and
speciated mercury (which the sum should be
gaseous mercury) in order to determine the
particulate mercury from the difference. To do this
accurately, while complying with the quality control
criteria of the method, two sampling trains would be
required, which would contribute to increased cost
and complexity.
Control of the sorbent trap and probe temperature
is critical when using this method for two reasons:
firstly, it is critical to prevent moisture from entering
the sorbent trap. Moisture reduces the capacity of
mercury loading available in the sorbent bed, which
can result in inefficient mercury capture (i.e.
breakthrough of sample), leading to understated
results. Thus, the temperature must be greater than
the vaporisation point of water (US EPA Method
30B). Conversely, prolonged exposure to high
temperatures can thermally desorb and release
trapped mercury from the sorbent bed during the
sampling, again resulting in understated results. It is,
therefore, critical to control the temperature of the
sorbent trap consistently. This is particularly crucial
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for speciated mercury sampling. Flowrate is another
limiting sampling parameter that must be low and
controlled to ensure sufficient trap residence time to
ensure efficient capture, as well as to prevent
moisture from entering the trap (Ohio Lumex Co.
Inc., 2019).
Having said this, with regular review and
inspection, the control systems are adequate to
maintain the required conditions. Quality control was
considered excellent throughout the test series, with
only one sample pair out of 20 not meeting the 90%
correspondence requirement for acceptance.

6. Conclusions
The aim of this paper was to assess the validity
and viability of the use of US EPA 30B as an
alternative method for mercury emission testing in
South
Africa.
Reliable
mercury
emission
measurements are required to comply with South
Africa’s commitment to the Minamata Convention on
Mercury. Method 30B produces more reliable data
than method 29 due to the following reasons:
a. Lower risk of loss of mercury during sampling
due to position of traps
b. Less complex to execute
c. Strict quality control criteria, a lot of them
specific to each test run
d. Method 30B is self-validating involving
duplicate simultaneous sampling.
Challenges still to be overcome include:
a. Lack of equipped laboratories in South Africa
for analysis and lack of provision of
consumables and equipment locally
b. Requirement for particulate mercury, as
required in South Africa’s regulations. Method
30B is limited to sources with low dust
concentration (i.e. leading to low fraction of
particulate mercury). The viability of this
method is dependent on the source type and
characteristics.
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Figure 1: Method 30B sampling train layout (US EPA Method 30B)

Figure 2: Method 29 sampling train layout (US EPA Method 29)
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Sampling console
(with temperature
and mass flow
controller)

Drierite columns
(for removal of
moisture, one
column per
sample line)

Stainless steel probe
(fitted with two sample
lines, one for each
sample in the pair)

Port and attachment for
cooling plant air

Connection
housing

Figure 3: Ohio Lumex Method 30B Sampling Equipment (Ohio Lumex Co. Inc., 2019:11)
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Electrostatic precipitators (ESPs) are predominantly used for particulate matter (PM) capture at
South African coal-fired power plants (CFPPs). However, the PM collection efficiency of many of these
ESPs need to be improved to ensure compliance with increasingly stringent minimum emissions
standards. ESP performance is determined by the complex interaction between the fluid-dynamic,
particle dynamic and electrostatic fields, which can be studied in great detail using computational
models.
The aim of the computational model that was developed in this study, was to simulate the electrostatic
effects induced by corona discharge at varying electrode configurations of which the voltage-current
relationships was measured experimentally. This is important to accurately simulate particle charging
and collection to quantify the effect of ESP design parameters on ESP performance.
Keywords: Computational Model, Electrostatic Precipitation, Electrode Geometry, Fly-Ash,
Particulate Matter.
and the performance of the remaining ESPs
1

Introduction
In 2015, eight of the thirteen coal fired power

plants (CFPPs) operated by Eskom were
retrofitted with ESPs and the rest with fabric
filter plants (Arif, 2018). This came after the
then Department of Environmental Affairs
(DEA) of South Africa redefined the National
Environmental Management: Air Quality Act

needs to be improved while postponement for
compliance of these plants are being granted.
Although postponement for compliance of
some of these remaining plants have been
granted, it is evident that the performance of
many of the remaining ESP units need to be
improved to ensure compliance.

(Act 39 of 2004), through which emission limits

Many of the aging ESP plants that were

are enacted to limit the PM and gaseous

originally designed for specific coal qualities

emissions from CFPPs and other industries

and operating parameters, which in some

(Department of Environmental Affairs, 2010).

cases have changed significantly over the

Accordingly, PM emissions are limited to 50

years. The basic operating principle of ESPs

mg/Nm3

by 2025 for new plants (built after

consist of applying a high potential difference

2015) and to 100 mg/Nm3 by 2020 for by old

between a set of discharge electrodes and

plants (Department of Environmental Affairs,

collection plates, between which the particle-

2010). However, only the plants fitted with

laden flue gas stream is flowing (Cooper, 2007).

fabric filters and those with high-performing

The high voltage applied to the discharge

ESPs conform to these standards (Arif, 2018).

electrodes result in a visible corona of ionised
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gas surrounding each electrode, subsequently,

and Vogel (2003), for example, focused on

charge transfer occurs from the gas ions to the

particle dynamics in a quasi-steady electric field

dust particles (Vallero, 2015). Two mechanisms

and found that a Langrangian particle transport

of particle charging exist: field charging, where

model was superior over an Eulerian model. A

electrons collide with the particles and transfer

full-scale study of the fluid flow through the

charge until the particles are saturated, and

complex structure of the ESP was done by

diffusion charging where the particles and ions

Haque et al. (2009), and it was found that the

collide through Brownian motion (Cooper,

modelled results corresponded well with plant

2007). Due to the resulting Coulomb forces, the

data; however, the electrostatics and particle

particles are attracted to the collection plate,

dynamics were not considered. Skodras et al.

where the particles cling to the surface, either

(2006)

for the duration of the applied charge or until

symmetrical model that included the flow,

physical methods are used to remove the

particle and electrostatic parameters and found

particles (Vallero, 2015). These electrostatic

that

forces acting on the particles, along with

increased voltage or lower gas velocity led to

aerodynamic

better performance.

drag

electrohydrodynamic

and
flows,

secondary
affects

developed

increasing

a

two-dimensional,

residence

time

through

the

An essential aspect of ESP design, is the

particles’ migration velocity and trajectory such

geometry of the discharge electrode, where

that it is difficult to predict using empirical
methods (Farnoosh et al., 2011).

Kuroda et al. (2003) found that the discharge
current, and hence the collection efficiency,

The development of theoretical models

was increased by punching holes in the

eased the ESP design process. The first of

discharge electrode of a plate-plate ESP.

these was the model by Deutsch (1922), which

Numerical simulations of wire, symmetric spike

is however, a very simple model. Improvements

and asymmetric spike electrodes were done by

were

various

Sander et al. (2018), who showed that the spike

researchers, including Cooperman (1971) and

geometries performed better than simple wire-

Leonard et al. (1982). Others such as Zhibin

electrodes. Dong et al. (2019) modelled

and Guoquan (1992) and Kim et al. (2001)

different configurations of spike electrodes and

developed

fewer

found that, due to the effects of hydrodynamic

theoretical

flow, electrodes with spikes on both sides and

models are often limited to very specific

spikes pointing in the direction of flow were the

conditions (Kim and Lee, 1999, Kim et al.,

most

2001).

experimental

made

to

the

empirical

simplifications.

model

models

However,

Computational

Fluid

these

by

with

Dynamics

(CFD)

modelling is a viable method to model the
complex phenomena taking place during ESP
operation with improved detail and accuracy
(Choi and Fletcher, 1998). However, the
majority of past numerical studies focused

effective.
and

Arif

(2018)

modelling

used
methods

both
to

investigate both wire-electrodes and a novel
“G-Spike” electrode, and found that for singular
electrodes, the G-Spike performed better. Arif
(2018) also developed a comprehensive model
that included the electrostatics, fluid dynamics
and particle dynamics and that modelling

mainly on specific aspects of the ESP. Schmid
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∇𝐉 = ∇(𝜌𝑒 𝐾𝐄 − 𝐷∇𝜌𝑒 ) = 0

results were compared to measurements made
on a lab-scale ESP.

(2)

However, the Star CCM+ software package

In this paper, the electrostatic characteristics

does not have the capability to solve (2) in

displayed by various discharge electrode

terms of space charge density, only ion

configurations and the effects thereof on ESP

concentration. We can effectively solve (2) by

performance

multiplying

are

presented.

The

same

laboratory-scale ESP used by (Arif, 2018) was

the

concentration

terms

with

Faraday’s constant, yielding (3).

used in this study with some modifications,

∇𝐂 = ∇(𝑐𝐾𝐄 − 𝐷∇𝑐) = 0

(3)

while a different CFD package was used.
2

3

Model development

2.1

3.1

Mesh

Since

geometry

of

the

Laboratory Scale ESP

wire-plate

The laboratory-scale ESP, based on that

configuration is quite simple, and does not

used by Kim and Lee (1999) and Xu et al.

change in the z-direction, a 2D geometry was

(2016), was designed by Geecom (Pty) Ltd and

used. This also speeds up the computational

commissioned at the North-West University in

time. The tetrahedral mesh consisted of 20321

Potchefstroom, South Africa. The corona

cells, 48026 faces and 29146 vertices. Prism

discharge was generated by a DC Power

layers were generated at the discharge and

supply constructed by JEENEL Technology

collection electrodes, to ensure more accurate

Services (Pty) Ltd, with a maximum voltage and

results at these boundaries

current of 50 kV and 20 mA, respectively. A

2.2

the

Experimental procedure

schematic of the ESP, adapted from Arif (2018),

Gas flow

is given in Error! Reference source not

For this initial case, the flow was frozen, but

found.. Initial gas velocity measurements were

laminar, steady-state and constant density flow

recorded at the start of the ducting (100mm

conditions were chosen.

before (3) on Error! Reference source not

2.3

found.) with an Omega FMA1000 Series

Electrode discharge

industrial

air

velocity

and

temperature

To model the effects of the discharge

transmitter/indicator. Final gas velocity and

electrode, two models are used. Firstly, the

pressure measurements were taken with a TSI

Electrostatic model, where Maxwell’s equations

Model 8715 Micromanometer at point 21 on

(1) are used to solve the electric potential and

Figure 1. For both these measurements, a

the electric field.

rectangular grid pattern was used to develop a
profile for use in the computational model.

𝐄 = −∇𝜙
(1)
−∇ ∙ (𝜀∇𝜙) = 𝜌𝑒

3.2

Electrode Characterisation

To do this, the space charge density (𝜌𝑒 )

For this study, wire electrodes and the novel

must be found. This is done with the current

G-Spike electrodes were used in several

continuity equation (2) (Neimarlija et al., 2009).

configurations, where the inter-plate and interelectrode spacings were varied, as shown in
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Table

1

These

configurations

were

on the laboratory-scale ESP described in

characterised by applying voltage from 10 to 45

Section 3.1. The G-Spike electrode was

kV, and then measuring the current through the

designed and manufactured by Geecom (Pty)

system using a Keithley DMM6500 Digital

Ltd

Multimeter. These measurements were done
Table 1 – Electrode Configurations
Electrode Type

Inter-electrode
spacings
175mm

Inter-plate spacings

Wire

Number of
Electrodes
3

Wire

4

50mm, 80mm, 116mm

100mm

Wire

4

116mm

Wire

6

50mm

G-Spike

1

n/a

100mm, 160mm,
220mm
100mm, 160mm,
220mm
160mm, 220mm

G-Spike

2

n/a

220mm, 400mm

100mm, 160mm

Figure 1: Schematic of laboratory scale ESP
4

electrode (DE) configurations are shown in the

Results and discussion

following figures. Figure 2 shows the voltage-

4.1

Effect of inter-plate spacing

current (VI) curves for three wires spaced

Results of experiments with varying interplate spacing (IPS) with different discharge

175mm apart, compared to the results obtained
by Arif et al. (2018). Figure 3 represents the VI
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curves for six electrodes spaced 50mm apart.

(at the same plate spacing). However, the G-

Lastly, Figure 4 shows the VI curves for four

Spikes tend to spark over at lower voltages.

wires, 50mm apart. It can be concluded from
the results that a higher corona current is
reached at a lower voltage for the smaller interplate spacing. This is advantageous, since
higher collection efficiencies can be obtained
while the ESP is more energy efficient. Also, the
corona currents measured in this study was
slightly larger than those reported by Arif et al.
(2018). This discrepancy could be related to the
more accurate ammeter that was used, as well
as differences in the ambient conditions of
Figure 2: VI curves of two sets of three discharge
electrodes with an inter-electrode spacing of
175mm, compared with Arif et al. (2018).

temperature and humidity.

4.2

Effect of inter-electrode spacing

From Figure 5 it is evident that more
discharge electrodes yielded a larger corona
current

at

the

same

discharge

voltage.

However, for the 50mm and 80mm the VI
curves are almost identical. This phenomenon
could be due to shielding, where the electric
field on the surface of the central electrodes are
compacted by the electric fields from the outer
electrodes (Al-Hamouz et al., 2011)

4.3

Effect of number of electrodes

From Figure 6 it can also be concluded that
an increase in the number of electrodes
resulted in an increase in corona current at the
same voltage.

4.4

Effect of electrode geometry

Figure 7 and Figure 8 show the voltage
curves

of

one

and

two

novel

G-Spike

electrodes, respectively. In comparison with the
wire electrodes, it is evident that the G-Spike
electrodes are more effective. For example, on
Figure 7, a corona current of 0.8 mA is reached
at a voltage of 34 kV. On the other hand, on
Figure 2, the same current is reached at 44 kV
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Figure 3: VI curves of two sets of six discharge
electrodes with an inter-electrode spacing of
50mm.

Figure 4: VI curves of three sets of four discharge
electrodes with an inter-electrode spacing of
80mm, compared with Arif et al. (2018)

Figure 8: VI curves for two G-Spike electrodes,
with inter-electrode spacings of spaced 220mm and
400mm
Figure 5: VI curves of three sets of four discharge
electrodes with fixed plate spacing of 100mm and
varied wire spacings.

4.5

Modelling results.

Figure 9 shows the calibration of the model
to experimental data. The space charge density
boundary condition was first approximated
using Peek’s law and then adjusted until the
modelled

corona

current

matches

the

experimental data.

Figure 6: VI Curve of two, three and four wire
electrodes at a wire spacing of 116 mm and a plate
spacing of 100mm.

Figure 9: Comparison of simulation and
experimental results (IPS: 100mm)
From Figure 10 it is evident that the ionic
charge density was the largest at interelectrode spacing of 116mm. Also, it appears
that the charge distributions are compressed
Figure 7: VI curves for one G-Spike electrode, with
inter-electrode spacings of spaced 160mm and
220mm

between the electrodes in cases A and B,
indicating the shielding effect, which correlates
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well with the experimental results shown in
Figure 5.
5

Conclusions
Electrode

considerable

configuration
effect

on

does
the

have

a

electrostatic

properties of the electrodes.

Table of Symbols
Greek alphabet:
Symbol
Description
Permittivity
𝜀
Charge density
𝜌𝑒
𝜙
Electrical potential
Latin alphabet:
Symbol
Description
Molar flux
𝑪

From the VI curves, higher corona voltages

𝑐

will be obtained at lower voltages, when there
are more wire electrodes, spaced further apart,
and closer to the collection plates.
The

computational

modelling

results

𝐷
𝐄
𝐽
𝐾

Molar
concentration
Diffusivity
Electric
field
strength
Electric flux
Ion Mobility

Units
𝐹/𝑚
𝐶/𝑚3
𝑉
Units
𝑘𝑚𝑜𝑙/
𝑚2
𝑘𝑚𝑜𝑙/
𝑚3
𝑚2 /𝑠
𝑉/𝑚
𝐶/𝑚
𝑚2 /𝑉𝑠

provides valuable insight into the effect of
electrode configuration on the ionic charge
density distribution, which will in turn influence
particle charging and collection. This aspect is
the subject of further investigations

Figure 10: Ionic charge density distributions of three electrode configurations at 33kV, all with a inter-plate
spacing of 100mm and with inter-electrode spacings of 50mm (A), 80mm (B) and 116mm(C).
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Long-term air quality trends provide an important foundation for effective air quality
management. Annual data recovery rates greater than 90% is currently the standard for
statistically significant trend analysis, however an 80% threshold is still generally
accepted. This study examines the availability of ambient particulate matter data for the
Gauteng Province over a ten-year period between 2010 and 2019. It indicates that data
recovery above an 80% threshold per year is achieved in only 13% of the cases and
above a 90% threshold in only 5% of cases. Furthermore, only five stations out of a total
of 37 monitoring stations were responsible for more than half of the instances where
stations were able to exceed the 80% threshold. These five stations are all situated within
the Vaal Triangle Airshed Priority Area; an over dependence on long-term data from
these stations could lead to spatial as well as air quality bias when estimating air quality
trends for Gauteng. There is also no indication that annual data capture figures are
improving and considering the nature of the limiting factors which currently hamper the
South African air quality monitoring network, it is doubtful whether it is possible to perform
statistically robust long-term trend analysis for larger geographic areas such as the
Gauteng Province when using conventional methods. It is therefore pertinent, at least for
the time-being, that alternative methods are explored to utilise the available data to its
full potential. Even though longer term data capture is mostly poor and spatially limited,
it is not consistently poor for many stations and greater spatial variability with acceptable
data capture is achievable if one is not bound to specific stations for long time periods,
but rather move between stations over shorter periods when estimating long term trends.
Keywords: Air quality monitoring, data recovery, particulate matter, Gauteng Province,
Vaal Triangle Airshed Priority Area, trend analysis.

System (SAAQIS). These stations span all of the
country’s nine provinces, with the Gauteng Province
(GP) being the most extensively covered.

1. Introduction
Long term air quality trends give an important
indication of the effectiveness of air quality
management and regulation (Lang et al., 2019).
Ideally, information on trends plays an important role
in decision-making, informing government, policy
makers and regulators whether current air pollution
control and mitigation measures are effective and if
alternative or additional measures are needed.
While data from individual monitoring stations give
an indication of air quality in a limited area, the real
power of air quality monitoring as a tool for tracking
changes in pollutant concentrations lies in the
collective insights gained when comparing multiple
trends at several stations in a monitoring network
which covers a geographically significant area.

While recent publications analyse pollution trends in
the Vaal Triangle Airshed (VTAPA) and the Highveld
Priority Areas (HPA) there is a need for such
research focused on trends outside these priority
areas also (Cairncross, 2016; Feig et al., 2019;
Govender & Sivakumar, 2019). One of the biggest
challenges of such research is data availability.
While monitoring stations in the priority areas
generally have acceptable data capture for trend
analysis, this is mostly not the case in other areas of
the country and creates a problem for effective air
quality management. For example, due to a lack of
historical monitoring data, air quality trends could not
be estimated for the City of Johannesburg or for the
Sedibeng District Municipality when drafting recently

The South African air quality monitoring network
consists of more than 140 monitoring stations which
feed into the South African Air Quality Information

1
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published air quality management plans (CoJ, 2017;
DEFF, 2020a).

concentrations in the Gauteng Province, which is
South Africa’s most densely populated, economic
and industrial hub (GPG, 2020). Compared to other
provinces, Gauteng has the greatest number of
monitoring stations which are located in some of the
most highly polluted areas in the country. The
Province comprises of the Sedibeng and West Rand
District Municipalities and the Tshwane, City of
Johannesburg
and
Ekurhuleni
Metropolitan
Municipalities. The southern part of the City of
Johannesburg Metropolitan Municipality and a large
portion of the Sedibeng district municipality is
incorporated into the VTAPA.

Even though there are methods for estimating air
quality in areas where data is lacking, the importance
of ground-based, area specific monitoring cannot be
overstated. Especially when considering the high
spatial variability of air quality observations between
monitoring stations situated in the Gauteng Province
(Feig et al., 2019).

2. Study area
This study specifically focuses on the 37 stations
which
monitor
particulate
matter
(PM)

Figure 1: Study area with station locations and average annual data capture between 2010 and 2019 for
PM10
step be included, it is foreseen that data capture
figures will be significantly lower than those
calculated for the purposes of this study. Data was
subsequently analysed by means of the Openair
package (Carslaw & Ropkins, 2012), which is
available within the R programming language (R
Core Team, 2013). Annual data capture
percentages were obtained for each station between
2010 and 2019 and compared to their average data
capture over a 10-year period (Figure 2). For
accreditation with the South African National
Accreditation System (SANAS) a 90% data capture

3. Methods
Particulate matter (PM10 and PM2.5) monitoring
data was obtained for all available monitoring
stations in the Gauteng Province via the SAAQIS
online portal (SAAQIS, 2020). Hourly averaged data
was obtained for a ten-year period between 1
January 2010 and 31 December 2019. Seeing as the
current study exclusively focuses on data recovery
and not on data quality, data capture calculations
reflect “as is” figures and no further validation
measures were taken to remove negative or other
anomalous values from the dataset. Should such a

2
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rate (for a period greater than 3 months) is required
(SANAS, 2012). A previous 2009 version of the
SANAS standard, however, requires an 80% data
capture rate and this still appears to be widely
accepted. Data capture was therefore compared to
both the 80% as well as 90% thresholds. Somewhat
crude longer term PM10 and PM2.5 data capture
trends were also explored by comparing averaged
results of periods over the last 10 years (2010-2019),
over the last 5 years (2015-2019) and over the last 2
years (2018-2019).

network. There is, however, a measure of
consistency in station performance, especially when
considering the VTAPA monitoring stations. Only 18
out of 37 stations could achieve data capture rates
equal to or above 80% at some stage during the tenyear period. Of these 18 stations, however, only 5
stations account for 55% of all data capture rates
above 80% over ten years. These include the
Diepkloof, Kliprivier, Sebokeng, Sharpeville and
Threerivers monitoring stations of the VTAPA
network (Figure 2 and Table 1). When a 90% data
capture threshold is applied, only 11 stations out of
the 37 managed to achieve acceptable data
recovery at some stage during the 10-year period.
The abovementioned VTAPA monitoring stations
account for 47% of all data capture rates above 90%
during this period. Olievenhoutbosch was the only
station that could manage 100% data capture for any
year in 2018, however, it must once more be stated
that no data validation steps were undertaken. A
further analysis of PM2.5 data capture figures
indicates that PM2.5 data capture is improving at a
number of stations when considering the five year
and two year averages but still mostly lagging far
behind data capture for PM10 (Table 1).

4. Results
When analysing annual PM10 data capture figures
for a ten-year period between 2010 and 2019 it is
strikingly apparent that there are many more stations
with data recovery rates below the 80% threshold
than stations above that (Figure 2 and Table 1). In
fact, in only 13% of the 370 cases, stations were able
to meet the 80% threshold for any year over the tenyear period. If this threshold is raised to 90% data
capture, this figure drops to a figure of only 5%
acceptable data capture. Furthermore, while there
have been improvements at some stations, there is
no observable trend to show that these figures are
improving consistently across the monitoring

Figure 2: Annual PM10 data capture for GP air quality monitoring stations between 2010 and 2019
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Table 1: Averaged annual data capture percentage for PM10 and PM2.5 at GP monitoring stations
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From these results it is apparent that consistent data
recovery above 80% has been achieved only for a
small geographic area, by only a limited number of
stations which all fall under the same management.
Gathering long term data entails exactly what it
presupposes: a long period of effective monitoring.
For the last 10 years such monitoring has not been
possible, for various reasons which have no quick
and easy solutions. Even if data recovery sees a
sudden dramatic improvement it will still take years
for data emanating from such improved monitoring
to be useful for long-term trend analysis. The
observed data recovery trends over the past ten
years, five years and two years show that the
situation is not significantly improving at this stage
and it is suggested that, at least for the time-being,
we should start exploring alternative methods to
gauge long-term air quality trends. While high data
recovery rates might not be practicably feasible at
this stage, it does not take away from the importance
of assessing long term air quality trends to support
meaningful air quality management.

5. Discussion
The monitoring stations that account for 55% of
data capture above the 80% threshold and 47%
above the 90% threshold are the DEFF/SAWS
owned stations located in the City of Johannesburg
Metropolitan Municipality and the Sedibeng District
Municipality (see Figure 1 and Table 1). It thus
becomes clear that stations with acceptable data for
trend analysis represent a small fraction of the total
number of stations and reflect a poor spatial
representation for the rest of Gauteng. In fact, 4 out
of the 5 stations are located in Sedibeng and they
are all clustered in the south of Gauteng while
pollution sources may vary greatly over the province
as a whole. An excessive dependence on these
stations could therefore lead to significant bias in

Gauteng-wide air quality assessment.
Not only is there poor spatial representation of
captured data, but the positioning of air quality
monitoring stations is generally in highly polluted
areas, which may also introduce additional bias.

6. Conclusion
Long-term air quality trends play an important role
in effective air quality management. The convention
for reliable long term trending necessitates annual
data capture rates upwards of 80% at each
monitoring station over a number of years. A 10-year
analysis of data capture figures of 37 air quality
monitoring stations across the Gauteng Province
indicates that no station could achieve continuous
annual data capture rates at or above the 80%
threshold for the 10-year period and that only one of
these stations was able to attain 10-year, 5-year and
2-year averages above this threshold. Further
analysis leads to the conclusion that due to various
limiting factors, conventional long-term air quality
trending is not currently possible for the Province as
a whole and it is suggested that other alternative
methods for gaining insights on long term air quality
changes should be explored. Ambient monitoring is
only one of the tools that should be employed to
investigate long term trends in air quality and a
detailed assessment that incorporates high
resolution
emission
inventories,
source
apportionment studies, and modelling should be
used in combination with monitoring data sets. Other
computational methods should also be explored to
make the most of limited data availability. Even
though longer term data capture is mostly poor it is
not consistently poor for many stations and it is
possible to achieve good spatial variability with
acceptable data capture if one is not bound to
specific stations, but rather move between stations
to estimate long term trends. Such alternative
methods have been suggested in literature and is
necessary to explore the possibilities these could
hold for South Africa (Lang et al., 2019).

5.1 Factors that negatively impact data
recovery
Answers received from recent parliamentary
questions put to the Minister for Forestry, Fisheries
and the Environment (DEFF) on why certain air
quality monitoring stations in South Africa are not
effectively functional sheds some light on the most
pertinent factors that negatively impact station
functionality (DEFF, 2020b; DEFF, 2020c). The
reasons given can be summarised into the five
factors described in Table 2 below:
Table 2: Factors that negatively impact data
recovery
1.
2.
3.

4.
5.

Factor
Physical security
Security of power
supply
Infrastructure

Financial
constraints
Limited technical
capacity

Description
Damage due to theft and
vandalism.
Power outages due to load
shedding especially.
Break downs, repairs and
necessary servicing of
equipment. Lack of spare parts
due to budget constraints and
time consuming procurement
processes. Problems with
network connectivity.
Limited budgets, municipalities
under administration.

5.2 The feasibility of a data recovery rate
above 80%
An analysis of the last 10 year’s data recovery in
the Gauteng Province tells a bigger story of data
recovery across the monitoring network as a whole.
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Nevertheless, high-quality, long-term referencegrade measurements are a key building block to
understanding air quality concentrations, and thus
effort is needed to overcome the challenges to
improve data capture. The VTAPA monitoring
stations show that acceptable data capture is indeed
achievable and should serve as a learning point to
be emulated.
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Fog is considered one of the most characteristic features of the Namibian Desert on the
southern African west coast. Annual rainfall amounts in Namibia are extremely low,
which results in adverse temperature variations that place ecosystems in jeopardy.
Several environmental and health impacts have been identified due to augmented
anthropogenic source emissions. There is presently limited knowledge pertaining to the
relationship between fog microphysics and aerosols along the west-coast of Namibia.
The primary sources of aerosols along the west-coast include, dry marine aerosol
deposition, mineral dust and biogenic biomass burning. An in-situ study of the
microphysical properties of fog and aerosol concentrations was conducted during the
AEROCLO- sA field campaign between 27 August and 15 October 2017 in Henties Bay,
Namibia. The main focus of this study is to evaluate the relationship between fog
microphysics and CCN concentrations versus the ratio of total particles (CNC). In
addition the interaction between meteorological parameters, fog chemistry and CCN
activity prior to, during and after fog events has been evaluated. Meteorological data for
the study period was obtained from surface weather stations namely; the PEGASUS
Mobile Station AEROCLO- sA. A Forward Scattering Spectrometer Probe (FSSP200),
was utilised to measure the liquid water content, fog-droplet size distribution and fogdroplet number concentration of identified fog events. The frequency and duration of fog
episodes were obtained from a Dynoptics Visibility Monitor (DSL-460). Results indicate
that the fog-droplet size distribution was large enough to form drizzle size droplets. The
emission of mineral dust, dense plumes transported as a result of biomass burning and
continuous eruptions of algae (sulphur-and organic-rich matter) were observed.
Keywords: fog microphysics, CCN, mineral dust, marine aerosol deposition, droplet-size
distribution
1. Introduction
As one of the oldest deserts’ in the world, the
Namibian Desert sustains a variety of biota. Namib
which means place of nothing juxtaposes a contrast
between the desert and the ocean. Fog blankets the
desert with moisture as a consequence of marine air
advection over the cold Benguela Current leading to
the accumulation of stratocumulus clouds (Andersen
& Cermak 2018, Rohde et al. 2019, Santos et al.
2012). Stratocumulus cloud decks are important due
to their influence on moisture and heat exchanges in
the atmospheric boundary layer (Eckardt et al.
2013). These cloud decks also affect the radiation
budget at the surface where, increased low-level
cloudiness results in net radiative cooling of the
atmosphere, on a global scale (Eckardt et al. 2013).
Furthermore the high albedo of stratocumulus cloud
decks causes a reduction in the total absorption of
shortwave radiation (Eckardt et al. 2013). During

some years, there has been no rainfall in the
Namibian Desert and this decline has continued to
the extent where fog is more significant than rainfall
(Eckardt et al. 2013, Frossard et al. 2015). Minimal
rainfall in the desert has led to extreme temperature
variations. (Jacobson and Jacobson 2013, Gunnigle
et al. 2017, SASSCAL 2018).
According to Gunnigle et al. (2017) fog, in coastal
deserts is fundamental for temperature regulation,
hydrological balance, evapotranspiration, and is a
water source for human settlements, agriculture and
biological productivity. Species distribution is
primarily determined by rainfall and groundwater,
and fog is a key contributor to groundwater recharge
in the absence of rainfall (Schachstschneider and
February, 2010). Fewer rain events result in extreme
temperature
variations
which
subsequently
accentuates aridity (desertification). According to
Formenti et al. (2019) Namibia is the largest source
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of mineral dust in southern Africa. The primary
sources of mineral dust emissions are attributed to
ephermal dry riverbeds and the Etosha Pan along
the Namibian coastline (Formenti et al. 2019). This
leads to nutrient deposition of mineral dust, which
contributes to primary oceanic production (Cermak,
2012, Frossard et al. 2013, Formenti et al. 2019).

1.1 Types of fog and its characterisation
The formation of fog is influenced by various
factors; namely radiative effects, thermodynamic
cooling, surface conditions, microphysical processes
and aerosol concentration (Gultepe et al. 2007,
Kaseke et al. 2018).
There are different fog types that could occur in
Namibia, namely; radiation fog, advection fog and
frontal fog (Eckardt and Schemenauer 1998, Kaseke
et al. 2018, Rom ́an-Casc o
́ n et al. 2019). It is often
acknowledged that advection fog is the dominant fog
type that occurs over the Namib Desert fog-zone
(Kaseke et al. 2018, Formenti et al. 2019). Studies
conducted by Andersen et al. (2019) corroborate
research by Kaseke et al. (2018) that the fog events
that predominantly occur in the Namibian Desert are
advection fog.
According to Lancaster et al. (1984) fog
precipitation changes between the coast – further
inland. The South Atlantic Ocean forms part of a
fundamental framework for the weather processes
that take place in the desert (Seely & Henschel,
1998). Fog occurs along the Namibian coast and
extends up to 100 kilometres inland (Olivier, 1993;
Monod et al., 2018). Winds along the west coast of
Namibia prevail as a result of the South Atlantic
motion (Santos et al. 2012; Rohde et al. 2019).
Dominant winds in the Namib Desert are south and
south-westerly winds, which prevail between
September and November; and easterly and northeasterly winds occur mainly from May to August
(Evans et al. 2019). According to Seely and
Henschel (1998) surface winds occur as southwesterly sea-breezes, with a wind speed of 5 m.s-1
to 10 m.s-1 throughout the year peaking during
September and March.

1.2 Fog and CCN
Fog has the potential to entrain aerosols which
may cause environmental and health impacts
(Lance et al. 2006, Bittencourt et al. 2019, Formenti
et al. 2019). Research by Egli et al. (2015) show that
fog strongly influences heat fluxes in the
atmospheric boundary layer, when air pollutants are
trapped in low-level temperature inversions. This
subsequently results in indirect impacts on the
Earth’s radiation budget, which alters surface albedo
and air temperature (Boreux and Guiot 1993,
Engelbrecht et al. 2015, Adesina et al. 2019).
Increased anthropogenic source emissions as a
result of augmented land-use and mining activities

are one of the contributors to air pollution in southern
Africa (Leaitch et al. 1992, Adesina et al. 2019).
Natural and anthropogenic aerosols are transported
over local and regional distances, originating from a
number of different sources such as increasing
maritime ship traffic and biomass burning from
industries in South Africa (Monod et al. 2018,
Formenti et al. 2019).
Climate change projections have indicated
accentuated shifts in precipitation and temperature
regimes in arid regions (Seely and Henschel 1998,
Gunnigle et al. 2017, SASSCAL 2018). Research
studies have shown that coastal fog contributes to
the regulation of the energy balance, which
subsequently influences climate systems and the
position of the Inter-tropical convergence zone
(ITCZ) (Egli et al. 2015, SASSCAL 2018, Bittencourt
et al. 2019, Formenti et al. 2019, Nelli et al. 2020).
The position of the ITCZ could be influenced by
properties that affect large-scale energy balance and
temperature gradients of the Atlantic Ocean’s
surface waters (Formenti et al. 2019). Increased
westerly moisture from the southeast Atlantic as a
result of the Angola Low, leads to convergence of
low-level winds which subsequently influences
precipitation patterns in southern Africa (Cermak
2012, Adesina et al. 2019).

1.3 CCN characteristics
Research by Boreux and Guiot (1993) have
shown that the role of hygroscopic aerosols in fog
formation, fog duration and fog-water chemical
composition is strongly correlated to ambient air
quality. Atmospheric aerosols acting as CCN,
facilitate the formation of cloud droplets and
subsequently alter cloud properties which modifies
precipitation susceptibility (Adesina et al. 2019, Sun
and Ariya 2006, Andreae and Rosenfeld 2008). The
primary types of atmospheric particulates in the
Namibian Desert are mineral dust, sea salt, biogenic
biomass burning and marine aerosol deposition
(Monod et al. 2018, Formenti et al. 2019, Zhu et al.
2019, Rosenfeld et al. 2019). Mineral particles don’t
soley act as catalysts during aqueous solution
reactions of cloud droplets but also as nutrient
supplies for plankton in the ocean (Yamagata et al.
2004).
According to Lane et al. (2006) understanding
CCN and the processes associated with it, is
important as it provides information pertaining to the
fraction of aerosol and droplet potential in ambient
clouds. Studies conducted by Mazoyer et al. (2016)
show that when relative humidity (RH) exceeds
100% water droplets are formed, as a consequence
of heterogeneous nucleation of aerosol particles,
during favourable meteorological conditions.
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1.4 Hygroscopicity and supersaturation
Observations by Mazoyer et al. (2019) illustrate
that the activated fog-droplet number concentration
can provide information pertaining to hygroscopicity
and supersaturation. The size distribution of
activated droplets depends on the supersaturation
value that is reached by the air mass (Pruppacher
and Klett 1998). According to Del Monte and Rossi
(1997) increased hygroscopicity of a substance
consisting of a large nuclei will result in the earlier
formation of the droplet. Fog-droplet size is
influenced by turbulence which promotes the
activation of CCN and increases fog droplets (Zhu et
al. 2019). Bergot and Guedalia (1994) show that
vertical mixing in a dense fog event is indicative of a
uniform droplet size distribution, dependant on
altitude and the velocity of fog formation (Lane et al.
2002, Yang et al. 2017, Lou et al. 2019, Zhu et al.
2019, Nelli et al. 2020).
The Köhler Theory defines that the propensity for
aerosol particles to act as CCN, is primarily
determined by the size, composition and phase state
thereof (Köhler 1936, Lewis 2008). The chemical
composition and mixing state of aerosols have an
influence on CCN activation ability, as a result of
changes in hygroscopic capacity (Che et al. 2016).
Research conducted by Mazoyer et al. (2016)
illustrate a large variability in the microphysical
properties of fog events; where CCN data at 0.1%
supersaturation exhibited a strong correlation with
aerosol concentrations. A CCN counter was
operated in the PEGASUS monitoring container for
the study period duration.
The aim of this research is to characterize fog
events based on their frequency and duration and to
identify the microphysical properties associated with
fog events in the Henties Bay area. In order to
achieve the aforementioned aim the following local
coastal meteorological variables were evaluated; the
diurnal temperature variations, wind speed, wind
direction, RH, and microphysical variables; LWC,
fog-droplet size distribution and mean fog-droplet
size. The time of day of and duration of each fog
event are determined and correlated to the
meteorological parameters. They were then
compared to the present knowledge of the spatial
and temporal variability of fog formation along the
west-coast of Namibia. The information ascertained
will assist in conceptualizing uncertainties pertaining
to climate forcing, precipitation processes and
ambient air quality.

2. Methodology
2.1 Study area
Henties Bay is a coastal town located in the
Erongo Region along the west-coast of Namibia

(22.06486°S, 14.16570°E) (Figure 1). The area is
considered a desert-climate zone, receiving minimal
to no rainfall throughout the year (an average of
10mm annually) (Juergens et al. 2013, Eckardt et al.
2013).

Figure 1. Study area map showing the location of
Henties Bay where the instruments were deployed
and fog measurements were assimilated.
The majority of precipitation occurs in March with
an average of 4mm.annum -1 whereas 0mm of rainfall
occurs in May, making it the driest month in Henties
Bay (Eckardt et al. 2013). Average annual
temperatures can peak to 17.4 °C (SASSCAL 2018,
Engelbrecht et al. 2015). In February, which is the
warmest month during the year; temperatures reach
a high of 20.2 °C. The weather in this region is home
to unique endemic vegetation and species that have
adapted to the aridity (Juergens et al. 2013,
Henschel and Lancaster 2013).
A feature which divides Henties Bay into the North
and South Dune is a freshwater spring in the old
delta of the Omaruru River known as the Valley
(Jurgens et al. 2013, Wassenaar et al. 2013).
Henties Bay is an area that is well renowned for its
abundance of fish and angling activities (Juergens et
al. 2013).

2.2 Instrumentation
2.2.1 FSSP
The FSSP is a ground-based or aircraft
mountable instrument which utilises forward light
scattering as a technique to measure the droplet size
of parameters large enough to pass through a laserilluminated beam volume (Dye and Baumgardner
1984, Droplet Measurement Technologies 2011,
Baumgardner et al. 2014). Investigations conducted
by Baumgardner et al. (2014) indicate that the FSSP
predominantly measures light that is reflected and
refracted.
The FSSP assess nominal size ranges between
5μm to 47μm and measures particles greater than
1000 cm-3 (Brenguier et al. 1994, Droplet
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Measurement Technologies 2011). This study
utilised a ground-based FSSP (FSSP200), fog
droplets were measured with reference to transittime and the average velocity at which they pass
through the depth-of-field (Baumgardner et al. 2001,
Nagel et al. 2007, Droplet Measurement
Technologies 2011). The droplet size can be
predicted from light intensity measured using the Mie
scattering
theory
(Droplet
Measurement
Technologies 2011, Baumgardner et al. 2014).
2.2.2 Dynoptics Visibility Monitor (DSL-460)
The DSL-460 was used to evaluate the frequency
and duration of the microphysical outputs of
associated fog events that occurred in Henties Bay.
The DSL-460 utilises open path light transmission,
to measure opacity (0-100%) and/or droplet density
(mg/m3), which occurs as a result of suspended
particles (dust or smoke) passing through the path of
light (DSL-460 Manual 2014, Ma et al. 2018).
Due to the fact that this instrument predominantly
measures opacity, it will illustrate the structure of fog,
potential entrainment and mixing present in relative
fog events (Kupc et al. 2018). These properties are
crucial in processes that control the evolution of fog
(Mazoyer et al. 2016).
2.2.3 Meteorological data
The local meteorological variables namely;
diurnal temperature variations, wind speed, wind
direction and RH in Henties Bay were assimilated
from surface weather stations such as the
PEGASUS Mobile Station AEROCLO- sA campaign
and the SASSCAL Weather Network. Other
platforms include numerical weather models (cloud
models, regional weather models, and synoptic
charts) and satellite observations of fog in order to
identify transport patterns (back trajectories of
aerosols). The time of day of and duration of each
fog event was correlated to the above mentioned
meteorological parameters.

3. Results & discussion
A total of 32 fog events (Figure 2), were identified
during the study period. Observed fog events
coincide with the spatial distribution of recorded fog
precipitation (Seely and Henschel 1998, Henschel
and Lancaster 2013). The fog events did not occur
every day. Two small events occurred between the
1st and 3rd of September. A period of 4 days (3-6
September) recorded no fog events. 30 of the fog
events occurred from 7 September to 12 September
2017.
Mazoyer et al. (2019) emphasize that the
occurrence and development of fog is a derivative of
non-linear interactions between competing radiative,
dynamical, thermodynamic and microphysical
processes (Gabrowski 1998, Gultepe et al. 2007).

Analysis of Figure 2 shows that fog events lasted
between 15 minutes (25th percentile) and 140
minutes (75th percentile). On average fog events at
Henties Bay lasted for about 41 minutes or just under
an hour. The longest event lasted for 690 minutes
(11hrs and 30 minutes).

Figure 2. Illustrating the 32 fog events on the days
which they occurred (dates) and the duration of each fog
event (minutes).
Additionally the occurrence of fog events has
been characterised by the time of day. Results
indicate that 40% of the fog events occurred in the
morning, 30% in the afternoon and only 30% of the
32 fog events occurred at night (2 events occurred
after midnight). Hourly recordings by Seely and
Henschel (1998) at seven different locations in
Namibia, along two transects (gravel plains and
Kuiseb Valley) indicated that fog events
predominantly occur at night, however the results of
this study, show that at Henties Bay the majority of
the fog is observed during the day.
The longest fog event started just after midnight
and lasted until 10h23 on the 12th of September
2017. During this fog event the wind speeds were
low and varied between 1m.s-1 and 4m.s-1 and wind
direction was from the North. Temperatures
remained in a tight range between 12.9 °C and 13
°C, RH remained constant (100% RH).
An interesting observation was that one fog event
ensued overnight, into the next day. This particular
event occurred from the 10th to 11th of September
2017. On 10th September wind speeds fluctuate
between 1m.s-1 and 2m.s-1 during the early hours of
the morning and remain constant at 1 m.s-1
throughout the day. Between 19h00 and midnight
wind speeds increase to 5m.s-1. Temperatures
fluctuate between 13 °C and 15 °C, and peak to
16 °C just before 12h00. RH remains constant
throughout the fog event (100% RH).
Temperatures observed on the 10th of September
were similar to conditions observed on the 11th of
September. Wind speed fluctuates between 3m.s-1
and 1m.s-1 throughout the day and decreased to
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0m.s-1 at 18h00. RH remained constant (100% RH)
during the day, however dropped from 101% RH to
100% RH at 23h00 on the 11th of September.
The range of the overall wind speed of the 32 fog
events during the study period fluctuates between a
minimum of 0m.s-1 and a maximum of 7m.s-1, and
the wind direction blew predominantly the from south
to the south west (50 % of the time) (Figure 6).
Southerly and south westerly winds are associated
with long sure flow linked to the dominance of the
Atlantic high pressure system along the Namibain
west coast and cold moist air from the Atlantic
Ocean.
On the days where no fog was recorded showed
a shift in both the wind direction and the amount of
available moisture (same temperatures, RH down by
10-15%). Between 3 and 6 September the Synoptic
circulation was dominated by a west coast trough
with winds blowing from the north to north west. It is
likely that this air was predominantly continental.

3.1 Fog-droplet number concentration
Recent studies have identified that fog events
could typically have high values of droplet
concentrations, more than a few hundred per cm -3
(Mazoyer et al. 2019).
The number of droplets versus the duration of fog
events indicates a proportional linear relationship
(Figure 3). According to Del Monte and Rossi (1997)
the larger the nuclei and the more hygroscopic a
substance is, the earlier the occurrence of droplet
formation. Thus, indicating that the growth rate and
size of the droplet will increase at a faster pace. The
mean droplet concentration increases with time,
however, not all fog droplets have the same potential
effects or contaminants (Del Monte and Rossi 1997,
Montecinosa et al. 2018).

there were three events where the droplet number
concentration remained low despite the long fog
duration. On average, fog events had a median
droplet number concentration of <50cm -3 and lasted
for 200 minutes (3hrs and 20 minutes). Only 5 fog
episodes had droplet number concentrations of
>50cm-3 four of which lasted for more than 3 hours.
The fog event with the longest duration, >700 mins
(12hrs and 20 minutes) had a modest droplet
number concentration of 80cm-3. One event had very
high droplet number concentrations but only lasted
for just over an hour (70 minutes) with the highest
droplet number concentration, >250cm-3.
On average the fog events with the higher droplet
number concentration lasted for more than three
hours (Figure 3). Baumgardener et al. 2014 indicate
that majority of concentrations measured by
spectrometers have an estimated uncertainty of only
10%.
During the AEROCLO-sA campaign, the average
CCN
concentration
measured
at
0.3%
supersaturation was between 1600 and 392 cm-3,
which correlates with the fog-droplet number
concentrations measured during the study (Leaitch
et al. 1992, Formenti et al. 2019). This may be
indicative of the fact that fog events are larger cloudtypes with smaller or non-existent vertical motions,
therefore
have
low
supersaturations
and
subsequently produce fewer activated droplets due
to strong vapour competition (Hudson 1980, Yan et
al. 2019). These droplets may be attributed to
inorganic marine aerosol concentrations, however
further studies into the activation spectrum must be
conducted (Evans et al. 2019, Foremnti et al. 2019).
An increase in particle number concentration in the
afternoon was observed during the field campaign
(Frormenti et al. 2019). Research by Monod et al.
(2019) show that active particles are driven by
marine sulphur and sea salt (Evans et al. 2019,
Foremnti et al. 2019).

3.2 Liquid water content (LWC)

Figure 3. The median number of fog droplets (cm-3)
and the duration of each fog event (minutes).
Figure 3 shows that there are two distinct fog
event types. Firstly fog event duration seems to have
a linear relationship with droplet number
concentration. That is the longer the fog event the
greater the number of droplets that occur. However,

At Henties bay a very strong correlation was found
between the duration of a fog event and the LWC
measured. Muhammad et al. (2010) indicate that
higher values of LWC (0.5 g.m-3) are usually
indicative of mean formation of dense fog. The fog
event with the longest duration (oversized circle)
shown in Figure 4; illustrates a median LWC of
above 2.0 g.m-3 (dense fog) and a median droplet
number concentration of 90cm-3, respectively. In
contrast, the shortest lived fog episode contained a
median LWC of 0.01 g.m-3 and median droplet
number concentration of 1cm-3, which is indicative of
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a formative fog event (Pruppacher and Klett 1998,
Muhammad et al. 2010).

and 25.8 μm diameter (Figure 5). Four of the lowest
MVD droplet sizes occurred in events that lasted for
very short durations. Droplets with a longer duration
had higher mean volume diameters (>32 μm
diameter). The diameter of these droplets are larger
than drizzle droplet thresholds (30 μm diameter)
(Mazoyer et al. 2019). Larger sized droplet may be
attributed to hygroscopic growth as a result of
increased presence of higher LWC (Adesina et al.
2019).

Figure 4. Median LWC (g.m-3) of fog events
indicating a linear relationship with the median
number of droplets (cm-3).
An outlier is identified, where this particular fog
event contains a LWC of <2.0 g.m -3 and a median
droplet number concentration of <250 cm -3. This,
event was also seen to only last for 70 minutes it had
increased density and consisted of a substantial
amount of water. This illustrates that the density of
the fog may have been influenced by various factors
i.e. meteorological perturbations (diurnal variability)
or formation processes i.e. large amounts of
aerosols (Lane et al. 2002). According to
Baumgardner et al. (2014) the uncertainties in LWC
and droplet number concentration could be between
15-30%.

3.3 Fog-droplet size distribution
Eldridge (1971) emphasizes that although
measured drop-size distributions appear to have
similar features, every distribution varies in size and
number concentration. Studies conducted by Lane
et al. (2002) indicate that advection, low-level
growth, velocities and evaporation are factors that
could potentially influence the predictability of
droplet size distribution.
In certain cases of drizzle, where smaller droplets
are concerned, the rainfall varies by an order of
magnitude of droplet diameter and rainfall rate
(Kostinski and Shaw 2009). During cloud formation
the droplet size distribution of activated droplets is
dependent on initialization of supersaturation values
achieved by the air mass (Pruppacher and Klett
1998, Mazoyer et al. 2019).
At Henties Bay during spring two distinctive fog
events emerge related to droplets mean volume
diameter. 1) The bulk of the events had a MVD of
approximately 32 μm diameter. These events all
represent drizzle size droplets that would have
resulted in precipitation to the surface. 2) Six events
had significantly smaller droplet MVD, between 18

Figure 5. The droplet diameter (MVD) (μm) of
the fog droplets were obtained based upon the
normalisation of the LWC and evaluated against
the duration (minutes) of each fog event.
The LWC predominantly indicated dense fog
episodes of between 0.0 – 0.5 g.m-3, and high
droplet number concentrations of 5- 50 cm-3.
Formenti et al. (2019) found that the fog-droplet
size distribution to be between 25-30μm diameter,
with total droplet number concentration between
100-150 cm-3 and the LWC with values of 0.2 g.m-3.
This is consistent with the results in this study as well
as the key finding by Andersen and Cermak (2018)
that fog precipitation is dependent on the nearground LWC, drop size distribution and scales of
near-surface wind speed/direction.
The pH value of droplets is an important
parameter in aqueous solutions as it significantly
influences reactions in droplets. Results during the
AEROCLO-sA campaign 2017, yielded pH values of
4-7 at Henties Bay which may be attributed to marine
sources and will be further investigated (Monod et al.
2019).

4. Conclusion
The study aimed at characterizing the fog events
in the spring season in Henties bay, Namibia. A total
of 32 fog events occurred between 27 August – 15
September 2017. Fog events occurred predominant
during the day with only 30 % of events occurring at
night. This is contrary to the existing literature which
indicated most fog events occurred at night. The
largest and most dense fog formed after midnight
and lasted until 10h00 the next morning. Wind

Page | 57

speeds where mostly calm during fog events and
seldom exceeded 6m.s-1. Most of the fog events
identified lasted for just over 1 hour. Fog events that
had high droplet concentrations mainly lasted for
more than three hours. MVD was directly
proportional to the LWC in the fog and was also
associated with fog event duration. More than two
thirds of the fog events had droplets that were larger
than the threshold drizzle size. This indicates that
fog is a viable and important form of precipitation at
Henties Bay. Further studies into fog harvesting is
recommended and will be considered. Days with no
fog were associated with dry continental air masses
impacting over the site.
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Aerosols play a vital role in both climate and atmospheric chemistry, producing
significant adverse effects that relate to climate change, cloud formation, air quality,
and human health. The accurate discrimination of different aerosol types is vital to
better understand their climatic effect. This study is based on the 2018 and 2019
measurements of aerosol optical properties obtained from the Aerosol RObotic
NETwork (AERONET) Cimel sunphotometer operated at Welgegund, South Africa
(26°34'10"S, 26°56'21"E, 1480 m above sea level). The analysis utilizes some
threshold values of the aerosol optical depth (AOD500) and the Angstrom exponent
(ALPHA) to classify aerosol types and subsequently infer the seasonal variation of
dominant aerosol types. The result shows that the aerosol types present at this site
include Clean Maritime (CM), Desert Dust (DD), Urban Industrial and Biomass (UIB),
and Mixed Type (MX) with all exhibiting seasonal variations. The aerosol loading
shows that the spring season has the highest followed by the winter, the autumn, and
lastly the summer. The high spring value might be due to an increase in anthropogenic
activities like veld fires and biomass burning at this period.
Keywords: Aerosol Optical Depth, AERONET, Aerosol types, Welgegund, Angstrom
Exponent

1. Introduction
Atmospheric aerosols are defined as, either
suspended solids or liquids in the air, that can
range in size from a few molecules to tens of
micrometres (Allen, 2017; Levy and Pinker,
2007). These aerosols can originate from a
variety of sources, that are classified as either
anthropogenic (man-made) or natural (Kaleem
et al., 2018). Aerosols play a vital role in both
climate and atmospheric chemistry, producing
significant adverse effects that relate to climate
change, cloud formation, air quality, and human
health (Andreae and Crutzen, 1997; Carrico,
2018; Kumar et al., 2020). Therefore, it is vital
to classify the major aerosol types to facilitate
an increase in the accuracy of estimates made
regarding aerosol radiative impacts, which
directly affect the planetary radiation budget
(Satheesh and Moorthy, 2005:2093). Previous
work regarding the classification of aerosols
has been done in Southern Africa. Notably, the
work done by Adesina et al. (2017) and Kumar
et al. (2014). Who respectively classified
aerosol types based on dominant size; and
daily mean values of aerosol optical depth at
500 nm (AOD500) and Ångström exponent
(ALPHA).

2. Instrumentation

The sunphotometer is deployed at the
Welgegund measurement site (26°34'10"S,
26°56'21"E, 1480 m above sea level) and is
located approximately 25 km north-west of
Potchefstroom (Tiitta et al., 2014:1911). No
major local pollution sources are located close
to the measurement site. However, it is
impacted by pollution plumes originating from
the Johannesburg-Pretoria metropolitan areas
as well as the industrialised western and
eastern Bushveld Igneous Complex with the
addition of sources originating from the Vaal
Triangle and the industrialised Mpumalanga
Highveld (Josipovic et al., 2014:1). The local
meteorology is known for a high degree of
stability and anti-cyclonic circulation (Tiitta et
al., 2014:1911). This leads to limited vertical
mixing, which results in a layered atmosphere
that exhibits both clean and polluted cells
(Hobbs, 2003:1). Consequently, air masses in
the region are ordinarily contaminated to some
degree by either urban industry or biomass
burning sources (Tiitta et al., 2014:1911).
Under standard synoptic conditions, this air will
recirculate the subcontinent for up to 20 days
(Tiitta et al., 2013:15559).
The sunphotmeter makes direct sun spectral
measurements made at eight spectral channels
or wavelengths (λ); namely, 340, 380, 440, 500,
675, 870, 940, and 1020 nm. with triplet
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observations per wavelength, and sky radiance
measurements at four spectral channels; at 440
nm, 675 nm, 870 nm, and 1020 nm respectively
(Frouin et al., 2003; Holben et al., 1998). The
AERONET version 3.0 makes available three
levels of data. They are level 1.0 (raw data),
level 1.5 (cloud-screened), and level 2.0
(quality-assured
and
cloud-screened),
respectively. All three levels can be obtained
from
the
AERONET
website:
http://aeronet.gsfc.nasa.gov/.
This
study
utilized cloud screened and quality-assured
data (level 2.0) measured at the Welgegund
measurement site for the period of 2018-2019.
A total of 9 776 data points were used, Which
represents all measured points for the study
period.

3. Methodology
AOD500 and α440-870 were used for the
classification due to the strong wavelength
dependence that both optical properties exhibit.
Specifically, the classification is achieved
through the discrimination of physically
interpretable cluster regions (Kumar et al.,
2014:111). Four aerosol types; (i) clean
maritime (CM) with AOD500 < 0.07 and α440-870 <
1.5, (ii) Urban industrial/Biomass (UIB) with
AOD500 > 0.10 and α440-870 > 1.3, , (iii) desert
dust (DD) with AOD500 > 0.15 and α440-870< 0.7,
and (iv) mixed type (MX) which encompasses
all values not falling in the thersholds of the first
three categories.
Table 1 summarizes the total number of data
points used for the classification scheme. The
low value of data availability during summer
may be attributed to cloud screening and lack
of measurement during precipitation.
Table 1 Distribution of data quantity per category.
N data
Period
9 776
Overall
1 940
Summer (December;
January; February)
2 781
Autumn (March;
April; May)
2 816
Winter (June; July;
August)
2 239
Spring (September;
October; November)

4. Results and Discussion
4.1 AOD500 and α440-870
Table 2 gives the mean seasonal variation of
AOD500 and α440-870 with spring and summer
having the highest and lowest values
respectively. The highest value during spring in
southern Africa has been reported by other

researchers (Adesina et al., 2019) while the low
value of summer may be attributed to wet
deposition since summer is characterised by
rainfall.
Table 2: The seasonal mean AOD500 and α440-870
values with the standard deviations (SD)
Season
AOD
SD
α440-870
SD
Summer

0.10

0.08

1.21

0.38

Winter

0.12

0.12

1.21

0.33

Spring

0.16

0.08

1.24

0.29

Autumn

0.11

0.06

1.43

0.35

4.2 Major aerosol types
There are variations in the relative abundance
of the different types of aerosols at different
seasons as shown in Figure (1). Apart from the
DD that is not well represented at the site, other
types; UIB, CM, and MX all make significant
contributions to the location. Though the
location is a background site, it is however
impacted by pollution plumes originating from
the Johannesburg-Pretoria metropolitan areas
as well as the industrialised western and
eastern Bushveld Igneous Complex with the
addition of sources originating from the Vaal
Triangle and the industrialised Mpumalanga
Highveld (Josipovic et al., 2014). The local
meteorology is known for a high degree of
stability and anti-cyclonic circulation (Tiitta et
al., 2014). This leads to limited vertical mixing,
which results in a layered atmosphere that
exhibits both clean and polluted cells (Hobbs,
2003). Consequently, air masses in the region
are ordinarily contaminated to some degree by
either urban industry or biomass burning
sources (Tiitta et al., 2014).
The overall percentage of contributions shows
that of all aerosol types UIB was the most
dominant aerosol type, contributing 41.41% of
all data points, with the remaining aerosol types
contributing 30.68% (CM), 27.75% (MT), and
0.16% (DD). The seasonal variations in terms
of percentage contributions can be seen in
Figure (2).
As can be observed from these contributions
the dominant aerosol type for summer and
winter was CM, whilst UIB dominated autumn
and spring. This phenomenon can be explained
by considering the major pathways for
transporting and recirculating aerosols over
South Africa, before exporting them to the
Indian Ocean (Piketh et al., 1999). The high CM
percentages observed in summer and winter
are due to circulation paths that move directly
over the Welgegund measurement site, which
originates in the coastal regions of
Mozambique. During the autumn and spring
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seasons, CM becomes less dominant to make
way for a higher concentration UIB. This is
justified by Tyson et al. (1996) who indicates
that the westerlies (wind blowing from
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Figure 1. Seasonal discrimination of different aerosol types using α440-870 versus AOD500 scatterplots.

Figure 2 Percentage contributions of aerosol types by seasons at Welgegund for 2018 and 2019.

west to east), reaches a peak in autumn and
spring. This also implies a lower influx of CM of

aerosols that originates predominantly from the
east. Which also accounts for the relative low
DD percentages observed overall.
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5. Conclusion
The present study utilized the AERONET’s
Cimel sunphotometer measurements from
2018 to 2019 to characterize the major aerosol
types and infer the seasonal variation of
dominant aerosol types. The study showed that
overall UIB was the most dominant aerosol
type, contributing 41.41% of all data points.
Furthermore, the seasonal variation of the
dominant aerosol types was found to vary
between UIB and CM. The study also shows
that the highest aerosol loading at the site was
during the spring.
6. Acknowledgment
The authors thank AERONET team for the
availability of online data used in this paper.

References
Adesina, A. J., Piketh, S., Kanike, R. K. and
Venkataraman,
S.
(2017).
Characteristics of columnar aerosol
optical and microphysical properties
retrieved from the sun photometer and its
impact on radiative forcing over Skukuza
(South Africa) during 1999–2010.
Environmental Science and Pollution
Research, 1-12. doi:10.1007/s11356017-9211-2
Adesina, J. A., Piketh, S. J., Formenti, P., MaggsKölling, G., Holben, B. N. and Sorokin, M.
G. (2019). Aerosol optical properties and
direct radiative effect over Gobabeb,
Namibia. Clean Air Journal, 29(2), 1-11.
Allen, B. (2017). Atmospheric Aerosols: What Are
They, and Why Are They So Important?
National
Aeronautics
and
Space
Administration,
https://www.nasa.gov/centers/langley/ne
ws/factsheets/Aerosols.html (Accessed
27 July 2020).
Andreae, M. O. and Crutzen, P. J. (1997).
Atmospheric aerosols: Biogeochemical
sources and role in atmospheric
chemistry. Science, 276(5315), 10521058.
Carrico, C. M. (2018). Atmospheric Aerosols and
Their Measurement. Handbook of
Environmental Engineering. 493-517.
Frouin, R., Holben, B., Miller, M., Pietras, C.,
Knobelspiesse, K. D., Fargion, G. S.,
Porter, J. and Voss, K. (2003). Sun and
sky radiance measurements and data
analysis protocols. NASA/TM-200321621/Rev-Vol III, 60.
Hobbs, P. V. (2003). Clean air slots amid dense
atmospheric pollution in southern Africa.
Journal of Geophysical Research:
Atmospheres, 108(D13).

Holben, B., Eck, T., Slutsker, I., Tanre, D., Buis,
J., Setzer, A., Vermote, E., Reagan, J.,
Kaufman, Y. and Nakajima, T. (1998).
AERONET—A federated instrument
network and data archive for aerosol
characterization. Remote sensing of
environment,
66(1),
1-16.
doi:https://doi.org/10.1016/S00344257(98)00031-5
Josipovic, M., Burger, R. P., Thompson, A. M.,
Beukes, J. P., Van Zyl, P. G., Venter, A.
D., Jaars, K. and Laakso, L. (2014). A
comparison of surface NO2 mixing ratios
and total column observations at a South
African site.
Josipovic, M., Kollonige, D.W., Burger, R.P.,
Thompson, A. M., Beukes, J.P., van Zyl,
P. G., Venter, A., Jaars, K., Martins, D.K.
and Vakkari, V. A comparison of surface
NO2 mixing ratios and total column
observations at a South African site.
Paper presented at the 30th Annual
Conference of SOUTH AFRICAN
SOCEITY
FOR
ATMOSPHERIC
SCIENCES.
Kaleem, M., Tjernström, M. and Syed, F. (2018).
The Direct Effect of the Anthropogenic
Aerosols on the Winter Climate of South
Asia: Focused on the Model Produced
Climate Features. Pakistan Journal of
Meteorology Vol, 14(28).
Kumar, K. R., Sivakumar, V., Reddy, R. R., Gopal,
K. R. and Adesina, A. J. (2014).
Identification and classification of
different aerosol types over a subtropical
rural site in Mpumalanga, South Africa:
seasonal variations as retrieved from the
AERONET Sunphotometer. Aerosol Air
Qual. Res, 14, 108-123.
Kumar, K. S., Kumar, K. S., Srinivas, N. and
Ziauddin, A. (2020). Atmospheric
Aerosols (PM 10 and PM 2.5) and their
Influence
on
Air
Quality
in
Visakhapatnam City, Andhra Pradesh,
India Advances in Air Pollution Profiling
and Control (pp. 143-166): Springer.
Levy, R. C. and Pinker, R. T. (2007). Remote
sensing of spectral aerosol properties: a
classroom experience. Bulletin of the
American Meteorological Society, 88(1).
Piketh, S., Annegarn, H. and Tyson, P. (1999).
Lower tropospheric aerosol loadings over
South Africa: The relative contribution of
aeolian dust, industrial emissions, and
biomass burning. Journal of Geophysical
Research: Atmospheres, 104(D1), 15971607.
doi:
https://doi.org/10.1029/1998JD100014
Tiitta, P., Vakkari, V., Josipovic, M., Croteau, P.,
Beukes, J.P., van Zyl, P.G., Venter, A.D.,
Jaars, K., Pienaar, J.J., Ng, N.L. and
Canagaratna,
M.R.2013.
Chemical
composition, main sources and temporal

Page | 65

variability of PM 1 aerosols in southern
African
grassland.
Atmospheric
Chemistry and Physics Discussions,
13(6):15517-15566.
Tiitta, P., Vakkari, V., Croteau, P., Beukes, J., Van
Zyl, P., Josipovic, M., Venter, A., Jaars,
K., Pienaar, J. and Ng, N. (2014).
Chemical composition, main sources and
temporal variability of PM1 aerosols in
southern African grassland.
Tyson, P., Garstang, M. and Swap, R. (1996).
Large-scale recirculation of air over
southern Africa. Journal of Applied
Meteorology, 35(12), 2218-2236.

Page | 66

Methanol fuel stoves as a clean technology
for domestic cooking in South Africa
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Methanol is a potential fuel for use in domestic settings in South Africa that could provide
a clean, economical and fire-safer alternative for low-income households. It as an
alternative fuel for hazardous fuels, particularly paraffin which is a contentious energy
carrier in South African dense, low-income settlements. Widely used, poorly designed
paraffin stoves emit harmful flue gases such as CO and black carbon fine particulate
matter, as well as being a fire hazard. Therefore, the use and thermal power of methanol
stoves need to be contextualised for South Africa. This study aims to evaluate the
thermal and emission performance of methanol cookstoves as a clean technology for
domestic cooking to possibly replace paraffin wick stoves. Three different commercially
available methanol cookstoves are evaluated. A non-pressurised paraffin stove serves
as the baseline. Cooking power from methanol combustion is investigated using
laboratory-based water heating tests. The equivalent time to boil (time to raise 1 L of
water from 20º to 100ºC is calculated as a metric that can be used to communicate the
stove performance to users). The hood method is employed to capture the flue gases for
the analysis of CO and CO2. The Relative Carbon monoxide Emission (RCE) ratio is
determined from the recorded concentrations. Furthermore, two pot types, aluminium
(shiny) and stainless steel (black) are used to investigate the possible influence of pot
colour on the thermal and emission performance of the stoves. Results show that all
three methanol stoves have lower power than the reference paraffin stove. Nevertheless,
the equivalent time to boil is less than 10 minutes for all three methanol stove, an
acceptable performance range for the targeted South African domestic market. There
was insignificant influence of the pot type on the stoves’ cooking powers. Two of the
methanol stoves and the paraffin stove reported RCE values exceeding the 2% limit
allowed for indoor combustion stoves. Only one of the three stoves tested was able to
comply, having only one exceedance of the relative carbon monoxide limit at a low power
setting. In terms of thermal performance, the methanol stoves performed within
specifications for the South African market. Further slight design improvements are
needed to bring the carbon monoxide emissions within the health safety limits, which are
nevertheless an improvement on the existing paraffin stove technology.
Keywords: paraffin, methanol cookstove, cooking power, modified combustion, relative
carbon monoxide, time to boil, water boiling test, water heating test.
1. Introduction
South Africa is a developing country with about 54
million people, with ~3.5 million households have
been declared energy poor by the government
(Lloyd, 2002; Kimemia et al., 2014). Approximately
80% of these households reside within low-income
settlements. Paraffin and solid fuels are primary
fuels for domestic purposes such as cooking, lighting
and space heating. Firewood and cow dung are the
most commonly used fuels in rural households while

charcoal is widely used within townships. Paraffin is
used in both rural areas and townships. The
dependency on these fuels is an essential element
of life in South African low-income settlements, and
it will remain unchanged for the foreseeable future
(Lloyd, 2002).
Paraffin is one of the most “convenient” fuels for
households within low-income settlements for daily
use (Durkin et al., 2013). Approximately 40-50% of
the population in South Africa makes use of paraffin
for domestic purposes (Kruger, 2006). It has usage
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of about 14%, 21%, and 13% for space heating,
cooking and lighting, respectively (Muller et al.,
2003; Makonese et al., 2012). Paraffin is widely
distributed within the market, making it a readily
available and inexpensive fuel compared to other
energy carriers such as Liquefied Petroleum Gases
(LPG) and electricity. LPG is considered cheap and
efficient, but it is not widely or reliably available, while
electricity is the most efficient but is the most
expensive (Peck et al., 2000; Kimemia et al., 2014).
Paraffin stoves have been introduced as an
intervention to minimise the use of biomass fuels in
various countries (Barnes & Qian, 1992; Makonese
et al., 2012).
Paraffin is sometimes referred to as a clean fuel
as it does not produce a visible smoke like solid
fuels. However, various studies have reported that
paraffin does produce harmful emissions (Makonese
et., 2012). CO and black carbon are pollutants found
to have elevated indoor concentrations due to the
use of poorly designed paraffin stoves (Masekameni
et al., 2015). The challenge of paraffin usage is not
limited to poor indoor air quality but also involves
fatalities and injuries from accidental fires caused by
paraffin stoves (Makonese et al., 2012) and
accidental ingestion of the fuel by children. Every
year, shack fires are reported within informal and
low-income settlements due to unsafe lighting,
heating, and cooking practices. Children are said to
constitute the majority of shack fire victims
(Kimemia, 2013).
Many intervention strategies and technologies
such as stove standards, clean fuels, and improved
cookstoves have been introduced over the past
decades to replace or reduce the use of paraffin and
traditional biomass stoves (MacCarty et al., 2010).
There are several standard testing protocols used to
assess the safety, thermal performance and
emission performance of stoves. Results obtained
from the tests are used to evaluate whether the stove
meets the required standards. The protocols are
either laboratory-based or field-based. Laboratorybased protocols include a Water Boiling Test (WBT)
and Heterogenous Test Protocol (HTP). Field-based
protocols are the Kitchen Test Protocol (KTP) and
Uncontrolled Test Protocol (UTP). Instruments for
measuring pollutants that are expected from typical
fuels are used to determine the emissions (MacCarty
et al., 2010).
Methanol has been identified as a potential
alternative cleaner fuel for paraffin and biomass in
South Africa (Masekameni et al., 2015). Methanol
fuel has the following advantages: it has clean
combustion, reduction in flue gas emission; does not
form soot while burning, can be combusted in
unpressurized appliances; it is water-soluble making
it easier to extinguish; and odourless (Stokes &
Crocco, 2005). Although this fuel is already available

in the market to a limited extent, extensive
investigations related to the performance of
methanol stoves are yet to be conducted in a South
African context. Therefore, the use and thermal
power of methanol stoves need to be investigated
and contextualised for South Africa. This study aims
to evaluate the thermal and emission performance of
three different methanol cookstoves. Cooking
power, controllability (turn- down ratio) and specific
carbon monoxide emissions are reported based on
laboratory water heating tests. Evaluation of
methanol use or safety is not covered within the
scope of this study. The results from this study will
aid in designing and evaluating methanol
cookstoves that are safer and cleaner for lowincome households, as well as evaluating whether
their performance characteristics will provide a costcompetitive alternative to the less safe paraffin
stoves that currently dominate this energy market
sector.

2. Definitions
• Cooking power – the quantum of heat energy
per unit time transferred to a cooking vessel
and its contents
• Relative Carbon monoxide Emission (RCE) –
The ratio of the volumetric concentration of
CO to the sum of the volumetric
concentrations of CO and CO2, averaged over
a temperature rise interval from 30°C to 80°C.
• Specific Time to Boil – The time that would be
taken to raise the temperature of one litre of
water by 80°C.
• Turn-down ratio – The of cooking powers of
an appliance at high power and low power
settings
• Thermal power – The rate of energy release
from the complete combustion of the
consumed fuel.

3. Methodology:
3.1
3.1.1

Determination of thermal performance
cooking power
Apparatus

• Three commercially available methanol
cookstoves
• Paraffin wick stove
• Aluminium pot with a shiny surface (225 mm
diameter); stainless steel pot with matt black
exterior surface (237 mm diameter)
• Avery Weigh Tronix scale (max: 35 kg,
precision: 0.1g)
• Electronic data logger (CR 1000).
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3.1.2

Procedure

The test procedure involves the following primary
steps: pot filled with water ~2/3rd of its full capacity;
thermocouple immersed in the water ~50 mm above
the bottom of the pot and ~1/3rd of the pot diameter
from the edge; the pot placed on the stove, both
being on a mass balance; heating the water from
ambient temperature until it reaches ~80°C. Once
the water temperature has reached ~80°C, the pot is
removed from the stove, and the flame extinguished.
Gas samples are extracted continuously from the
fume hood and ducted to CO and CO2 analysers. An
electronic data logger records and stores data from
the mass balance and thermocouples.
The temperature of ~80°C was chosen as per
Heterogenous Testing Protocol (HTP) standard
operating procedure to avoid uncertainties that may
occur due to evaporative losses (Prinsloo, 2018),
and the uncertainty on establishing the exact time at
which the boiling point is reached. This procedure is
referred to as a water heating test (WHT), in contrast
to the commonly used WBT (water boiling test).
The WHT test procedure was performed for the
three methanol cookstoves and the paraffin stove
serving as a baseline, at high and lower power for
aluminium and stainless steel pots. Tests were
repeated in triplicate for each stove, pot and power
level combination.
The following thermal performance metrics were
determined: cooking power and specific time to
boil
3.1.3

Data analysis

Cooking power
The cooking power is calculated for both power
settings as follows:
Cooking power =

WaterMass х CPwater х △T

where CP-water is the isobaric specific heat of water at
50°C = 4.182 [kJ/(kg °C)], PotMassEmpty is the mass
of the pot empty, CP-Al is the specific heat of
aluminium = 0.91 kJ/(kg °C); ∆t is the elapsed time,
and factor 60 converts the time recorded as minutes
to seconds.
△ T = Temperaturepotoff − Temperaturepot_on
Equation 2.2.5

where TemperaturePot-off and TemperaturePot-on are
the respective temperatures at the endpoint (final
water temperature at ~80°C or after elapsed 30
minutes) and the starting time (water at test room
temperature).
△ 𝑡 = 𝑇𝑖𝑚𝑒𝑝𝑜𝑡−𝑜𝑓𝑓 − 𝑇𝑖𝑚𝑒𝑝𝑜𝑡−𝑜𝑛
Equation2.2.6

where TimePot-off and TimePot-on are the respective
times at the endpoint (water temperature ~80°C) and
the starting time (water at test room temperature).

Specific time-to-boil
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡𝑖𝑚𝑒 𝑡𝑜 𝑏𝑜𝑖𝑙 =

Equation 2.2.7

where 80°C is taken as the standard temperature
rise from a nominal starting point of 20°C to boiling
point of 100°C at standard atmospheric pressure; ∆t
and ∆T are the elapsed time and temperature
change as calculated in Equation 2.2.6
and
Equation 2.2.5 respectively; WaterMass is the
combined water mass equivalent of pot and water
content as calculated by Equation 2.2.2 Error!
Reference source not found., and  = 1.00 kg/L is
the density of water.

Turn-down ratio

△t х 60

Equation 2.21

𝑇𝑢𝑟𝑛 − 𝑑𝑜𝑤𝑛 𝑟𝑎𝑡𝑖𝑜 =

where
𝑊𝑎𝑡𝑒𝑟𝑀𝑎𝑠𝑠 = (𝑃𝑜𝑡𝑊𝑎𝑡𝑒𝑟𝑀𝑎𝑠𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙
+ 𝑃𝑜𝑡𝑊𝑎𝑡𝑒𝑟𝑀𝑎𝑠𝑠𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡)

𝐶𝑜𝑜𝑘𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 (ℎ𝑖𝑔ℎ)
𝐶𝑜𝑜𝑘𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 (𝑙𝑜𝑤)
Equation 2.2.8

Equation 2.2.2

where
𝑃𝑜𝑡𝑊𝑎𝑡𝑒𝑟𝑀𝑎𝑠𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑃𝑜𝑡𝑀𝑎𝑠𝑠𝑓𝑢𝑙𝑙 − 𝑃𝑜𝑡𝑀𝑎𝑠𝑠𝑒𝑚𝑝𝑡𝑦
Equation 2.2.3

where PotMassEmpty is the mass of the empty pot A
and lid, and PotMassfull is the mass of the pot A, lid
and content of ~3 L of water at the beginning of a
combustion sequence; and where
𝑃𝑜𝑡𝑊𝑎𝑡𝑒𝑟𝑀𝑎𝑠𝑠𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =

△ t х 80 ⁄
△T
𝑊𝑎𝑡𝑒𝑟𝑚𝑎𝑠𝑠⁄


𝑃𝑜𝑡𝑀𝑎𝑠𝑠𝑒𝑚𝑝𝑡𝑦 ×𝐶𝑃−𝑎𝑙
𝐶𝑃−𝑤𝑎𝑡𝑒𝑟

Equation 2.2.4

where Cooking power (High) and Cooking power
(Low) are as calculated by Equation 2.2.1.

3.2 Determination of emission performance
3.2.1

Apparatus

• Gas capture hood with sample extraction
probe
• PG-350 Horiba multi-gas analyser, calibrated
for CO and CO2
• M&C PSS-10 sample conditioning unit
(moisture remover).
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3.2.2

Procedure

4. Results

The hood method was employed to capture the
flue gas emissions from the methanol stoves and the
paraffin stove used as a reference. The hood was
placed over the pot and stove. Flue samples
containing the emitted CO and CO2 were drawn from
the chimney using a probe connected to a moisture
removing unit, M&C PSS-10. The use of the PSS-10
to remove any possible moisture was due to the
sensitivity of t the gas analyser (PG-350) to moisture
content. After removal of humidity, the sample was
then fed into the gas analyser. The emission
performance tests were done simultaneously to
thermal performance tests. The analyser PG-350
draws sample at 0.4-0.5 L/min-1 for the determination
of the trace gases concentrations, in this case CO
and CO2. The instrument ranges for the two gases
were set to 2 000 ppm and 20 vol% respectively. The
analyser stores the data onto a memory card and
was retrieved after each experiment.
3.2.3

Data analysis

The RCE was determined using the following
equation:
𝑅𝐶𝐸 =

𝐶𝑂(𝑣)
𝐶𝑂2(𝑣) ×1000+𝐶𝑂(𝑣)

× 100%
Equation 2.3.1

where COV [ppm] and CO2_V [%] are the respective
volumetric concentrations of CO and CO2, averaged
over a measurement interval of 50°C, commencing
from the start of ignition with water at test room
temperature. The calculation is performed for the
high and low power settings to derive RCEH and
RCEL, respectively. In case the water temperature
does not reach 50°C above the starting temperature,
RCE was calculated from the average gas
concentrations over the 30 minutes time interval.
The time interval is from pot on to the end of elapsed
time of 30 minutes. Where 10 000 [ppm/%] converts
the CO2 concentration from [%] to [ppm].

3.3

Quality control

Several test runs were performed before the
commencement of actual tests for the study,
following the documented Standard Operating
Procedure (SOP) adopted from the South African
Nation Standard (SANS) draft document. These test
runs were used as an exercise to familiarise the
testing personnel with the SOP. Each definitive test
was repeated three times. The gas analyser was
calibrated daily with certified reference gases before
the commencement of tests. Due to the high
precision of the mass balance, movement in the
testing laboratory was limited during test cycles.

4.1

Thermal performance

Table 1 presents the thermal performance metrics
obtained from the tests performed on the reference
paraffin stove and the methanol stoves at a high and
low power setting. The tests included shiny
aluminium pot and stainless steel pot. According to
the standard testing protocol draft, the stoves are
required to produce at least 580 W of cooking power.
At a high-power setting, all stoves generated
cooking power of more than 580 W irrespective of
pot type. The paraffin stove generated the highest
cooking power in the shiny and black pot (743 W and
777 W respectively). STV02 ranked second at 703
W with the black pot, while STV03 at 662 W with the
shiny pot ranked third. STV01, with the black pot,
generated the least cooking power. As the specific
time to boil is inversely proportional to cooking
power, the paraffin stove yielded the shortest
specific time to boil, followed by STV02, STV01 and
STV03.
At low power settings, STV03 had the highest
cooking power of 538 W with the shiny pot and 522
W with the black pot, followed by the paraffin stove
producing 441 W with either pot type. These low
power results are incorporated in calculating the
derived turn-down ratio metric as an indication of
stove controllability (the higher, the better) – an
indicator of the capability of the stove to operate at
low power for simmering. STV01 reported the largest
turn-down ratio (best controllability), followed by
STV02, the paraffin stove and STV03.
A possible influence on the exterior colour of the
pot in determining the thermal power stove was
observed for all stoves. The difference in pot types
did not have significant influence on the cooking
powers of the stoves, the black pots recorded slightly
higher cooking power (628 W) than the shiny pots
(616 W) at high power.
Table 1. Cooking power, specific time to boil and
the turn-down at high and low power settings for
the three methanol and reference stoves, for the
shiny and black pots respectively.

Stove
type

Cooking
Cooking
power:
power:
high power low power
(W)
(W)

Specific
time to boil:
high power
(min)

Turndown

Aluminium (shiny)
STV01

662

182

8.4

3.6

STV02

589

300

9.5

2.0

STV03

538

9.4

1.1

Par

596
616
40
743

441

7.9

1.7

STV01

567

Mean
Std. dev

Stainless steel (black)
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229

9.8

2.5

STV02

703

490

7.9

1.4

STV03

614

522

9.1

1.2

Average

628

Std. dev

69

Par

777

441

7.2

2.8

* Equivalent time to heat 1 L of water from 20º to 100ºC.

4.2

Emission performance

Relative carbon monoxide emissions are plotted
in Figures 1 and 2 at high power settings, starting at
the time of ignition with water at test room
temperature (~22°C) until the water reached ~80°C.
When using the shiny pot, the RCE rises steeply
during the first 120 s. The high emissions are as a
result of the flame quenching (dropping below the
ignition temperature for combustion of CO) when the
gases come into contact with the cold surface of the
pot. The peak RCE values, 7% and 18% were
recorded for the paraffin stove when using the shiny
and black pots respectively. At about ~150 to
~750 s, high CO emissions were recorded from
STV01 and STV02 whereafter RCE stabilises
(Figure 1). This increase of CO emissions may have
been due to water condensation on the outside of
the pot that was observed, commencing ~120 s after
ignition. When the water droplets interact with the
flame from the burner, higher emissions of CO are
recorded. This phenomenon was notable when
using the shiny black pot. This phenomenon was,
however, not reported from the STVO3 and the
paraffin stove from neither one the pots.

Figure 1. RCE of the methanol stoves and a
baseline paraffin stove at high power. Aluminium
(shiny) pot.

Figure 2. RCE of the methanol stoves and a
baseline paraffin stove at high power. Stainless
steel (black) pot
Table 2 presents the integrated RCE of the stoves
at high and low power settings for both pots. At high
power, only STV03 has an RCE that complies to the
limit of 2% CO/CO2 emission limit as set in SABS
1906 (a standard for the safety and emission limits
for paraffin stoves). The paraffin stove recorded the
poorest combustion efficiency overall, with RCE
reaching 5.9% at low power with the black pot. The
observed RCE from the paraffin stove is a
phenomenon that has been evident in a study by
Makonese et al. (2012).
At low power, STV01 and STV02 recorded
reduced emissions compared to high power, both
within the 2% limit with either pot. In contrast, STV03
exceeded the 2% limit at low power with the shiny
pot. The paraffin stove had the highest emissions
recording ~5% with the shiny pot and ~6% with the
black pot.
The differences in RCE for the different pots are
not consistent, sometimes higher for the shiny pot
and sometimes lower. We do not currently have an
explanation for this phenomenon, other than to note
that at high power and during the initial heating,
condensation occurred on the pot exteriors,
sometimes with water dripping off the pot surface.
This condensation and partial re-evaporation of
water might have influenced chemical reactions
within the flame zone, the more so if the flame was
in extensive contact with the pot bottoms. Overall, at
high power when using the shiny pots, the methanol
stoves recorded slightly higher RCE (2.9%)
compared to when using black pots (2.5%). At low
power, the stoves produced RCE of 1.5% when
using shiny pots and produced 1.4% when using the
black pots.
At this stage, we do not have an explanation for
the secondary peaks in RCE at the end of the
paraffin stove sequences (Figures 1 and 2).
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Table 2. RCE at high and low power settings for the
three methanol and reference stoves, for the shiny
and black pots respectively.
Relative Carbon monoxide Emission
(RCE) [%]
High power

Low power

Stove

Aluminium (shiny) pot

STV01

3.1

0.8

STV02

4.1

0.4

STV03

1.5

3.1

Mean
Std. dev
Paraffin

2.9
1.3
3.4

1.4
1.5
4.6

Stainless steel (black) pot
STV01

2.7

1.0

STV02

2.7

1.5

STV03

2.0

2.0

Mean
Std. dev
Paraffin

2.5
0.4
5.2

1.5
0.5
5.9

5. Conclusion
This study involved using water heating test
protocol for assessing the thermal and emission
performance of methanol cookstoves and a baseline
paraffin stove. Furthermore, shiny and black pots
were used to determine whether the colour of the pot
has a significant influence on the measured thermal
and emission performance. The results have
demonstrated that all three methanol stoves have
slightly lower thermal power, and hence a longer
time to boil than the paraffin stove. This was
expected as the energy density of methanol is only
~60% of that of paraffin. Nevertheless, the specific
time to boil for all three methanol stoves is within the
10 minutes that market surveys determine is the
maximum limit expected by consumers. The thermal
power of the methanol stoves differs between the
designs, indicating that there is an opportunity for
further design optimisation by manufacturers.
Although the paraffin stove had a better thermal
performance, it had the inferior emission
performance compared to the methanol stoves. The
paraffin stove failed to comply with the
CO/(CO+CO2) RCE limit of 2% throughout the tests
at both low and high power settings. A possible
influence of the pot type on thermal performance
was observed - higher cooking power was observed
when using the black pot at both high and low power
setting. Influence of the pot on emissions was
different amongst the stoves; a decrease was
observed from two methanol stoves while the
paraffin and one of the methanol stoves reported a
relative increase. A separate report will address the

radiant and convective losses due to these two pot
types.
The STV03 methanol stove complied with user
requirements for a minimum cooking power of
580 W, which corresponds to an equivalent time to
boil of 10 minutes per litre. These observations
demonstrate that at least one methanol stove can
meet the thermal performance and emissions safety
criteria as a suitable cooking technology for the
South African market. All the methanol stove and pot
combinations had significantly lower CO emissions
than the paraffin stove, indicating that the methanol
stoves are an inherently improved technology on this
criterion. Although not measured in this project, it is
worth noting that methanol combustion cannot
produce black carbon particulate matter and is
superior to paraffin also in this respect. The
improvement in cooking power produced when using
the black pot may be used to encourage the use of
black pots instead of shiny pots.
Further slight design improvements are needed to
bring the carbon monoxide emissions within the
health safety limits, which are nevertheless an
improvement on the existing paraffin stove
technology. Investigation on the safety of methanol
stoves is needed on aspects such as fuel loss during
storage or upset, and safety against conflagration
after accidental upset. The South African Bureau of
Standards is engaged in developing a safety and
performance standard for methanol appliances that
will address all these issues in a comprehensive
manner that will facilitate the manufacture and
marketing of methanol stoves as a viable substitute
for paraffin wick stoves.
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1. Introduction
South Africa’s energy resources are dominated by
coal and coal-derived products [1] – [3]. Moreover,
approximately four million South African households
still rely on coal as a fuel source [4], and when
receiving access to electricity, rarely move away
from coal combustion since electrical appliances are
viewed as unaffordable and untraditional [3].
Households in low-income settlements frequently
use coal stoves in poor disrepair or self-made
combustion appliances, which lead to improper
combustion and high amounts of indoor emissions
[3], [5]. In 2016, prolonged exposure to household
pollutants caused approximately 3.8 million deaths
worldwide [6].
Approximately 11% of South African run-of-mine
coal is categorised as fines. Due to the high cost of
disposal, coal fines are typically left in slurry ponds
or abandoned stockpiles [7]. The marketing of waste
coal fines faces significant difficulties such as
storage, handling, transport, etc. [8]. Coal
agglomeration can be used to address these
disadvantages and ensure the value addition of coal
fines. Coal agglomerates such as coal pellets can
also be used as an alternative fuel for combustion
appliances; however, the utilisation thereof in South
African low-income settlements is not documented in
the literature [3]. In order to address the problem of
indoor pollution and reduce coal waste, utilisation of
coal pellets as a fuel source using effective
combustion practices should be investigated.
This study aims to determine the thermal
performance and emissions quality of the use of coal
pellets in a semi-continuous stove, to evaluate the
suitability thereof as an alternative to current
domestic fuel sources.

However, to evaluate whether coal pellets can be
used as an alternative fuel, it is crucial to start by
examining the combustion of household fuels, such
as lump coal. Therefore, in this paper the
performance and experimental results of lump coal
combustion are presented and discussed.

2. Methodology
Lump coal and coal pellets with different
mechanical characteristics were combusted in an
improved semi-continuous coal stove developed at
the North-West University. The coal and coal pellets
were characterised using proximate and ultimate
analyses according to the relevant ISO standards.
The thermal and emissions operating variables were
measured during the runs. For thermal data, the
following equipment was used: (i) K-Type
thermocouples which indicate the internal stove
temperatures, (ii) a pyrometer and thermal camera
to determine stove external surface temperatures
and (iii) standard water boiling test instruments to
obtain the stove thermal performance data. For the
emissions data the following equipment was used:
(i) Two Horiba PG350 gas analysers for the chimney
emissions (SOx, NOx, CO2, CO, and O2), (ii) a
DustTrak II gas analyser together with a particulate
matter (PM) thimble to determine particulate matter
emissions and (iii) activated carbon tubes for volatile
organic matter emissions data. In addition to thermal
and emissions equipment, a load cell was used to
record the weight of the stove during operation. A
diagram of the equipment setup is shown in Figure 1
and the key components are indicated in Table 1.
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Figure 1: Experimental instrumentation diagram.

Table 1: Key to instrumentation seen in Figure 1.
Component
AR 101
AR 102
AR 103
AR 104
FI 201
FI 202
FC 201
TT 301-315
TC 301
GT 401
TUBE 01
GR 401
CU 01
CU 02
FAN 01
FLTR 01
FLTR 02
PMP 01
PMP 02

Description
DustTrak II
Horiba PG 350 analyser (diluted)
Horiba PG 350 analyser (undiluted)
Hygrometer & data logger
Nitrogen rotameter
Differential flow meter
Cylinder valve
K-type thermocouples
Heat controller
Sartorius platform scale
Activated carbon tube
Combix 2
Conditioning unit
Conditioning unit
Extractor fan
Filter
Filter
GelAir Plus Pump
Aquaria CF20 pump

The semi-continuous coal stove is designed with
three distinct sections which include the hopper
chamber, combustion chamber, and heat exchanger
chamber.
These
chambers
and
internal
thermocouple positions (red dots) are shown in
Figure 2. The hopper chamber ensures a semicontinuous operation by continuously feeding solid
fuel to the combustion chamber. In the combustion
chamber, a combustion zone is formed on the grate
where a fraction of the solid fuel is ignited, and the
remainder of the fuel is gravity fed into the hot
burning zone. The solid combustion products and
inert compounds fall through the grate onto the ash
tray eliminating the influence thereof on the
combustion zone. The heat released is directed
towards the hob rings and upper plate of the coal
stove which provides a heated surface for cooking
purposes. The gaseous combustion products flow
from the combustion chamber to the heat exchanger
chamber where heat is exchanged to the metallic
surfaces of the stove. Thermal conduction then
allows for living space heating. The flue gas is
vented through the chimney to the outside
atmosphere thereby reducing direct inhalation by the
stove user.

Page | 75

These grate shakes led to the temperature
fluctuations observed in Figure 3. It was found
that the D grade coal temperatures had larger
fluctuation amplitudes after grate shakes than
the A grade coal temperatures. This can be
attributed to the ash content of the fuel since
ash acts as a heat insulator and a combustion
inhibitor. Thus, a higher ash content will result
in a larger temperature drop over time.

Chimney
Hob rings
Hopper lid
Thermocouples
Refractive brick
Grate
Air inlet
Ash tray

A

Figure 3: Semi-continuous coal stove diagram.
The flow within the coal stove is controlled by the
natural draft which occurs between the air inlet and
the stove chimney. By varying the size of the air inlet
opening, the oxygen supply to the combustion zone
can be varied and the combustion rate is indirectly
controlled. A smaller and larger air inlet opening
corresponds to lower and higher power ratings of the
coal stove respectively.

B
3. Results and discussion
During the first phase of this study, the
performance of lump coal was evaluated for
comparison to coal pellets in future work. The results
from phase one will be presented in this section.
Four experiments were conducted with the lump coal
during which the coal grades and the stove power
settings were varied in each experiment. The fuel
characterisation is provided in Table 2, and in Figure
3 the temperatures in the combustion chamber,
during the experimental runs, can be seen. These
temperatures are representative of the combustion
zone and are a function of fuel and oxygen
availability. Grate shakes were performed during
steady-state operation to increase the ash settling
rate, eliminate dead zone formation, increase fuel
availability in the combustion chamber and indirectly
control the excess oxygen in the exhaust gas.

C

Table 2: Fuel characterisation
Lump coal (A grade)
Moisture content (%)
2.9
Ash content (%)
13.4
Volatile matter (%)
25.8
Fixed carbon (%)
57.9
Calorific value (MJ/kg)
27.7
Particle size distribution
-26.5 +13.2 mm
Lump coal (D grade)
Moisture content (%)
3.6
Ash content (%)
19.9
Volatile matter (%)
25.8
Fixed carbon (%)
50.7
Calorific value (MJ/kg)
24.9
Particle size distribution
-26.5 +13.2 mm

D

Figure 2: Combustion chamber bottom
temperatures of (A) grade A high power, (B)
grade D high power, (C) grade A low power, (D)
grade D low power.
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Combustion of both grades of coal, relied on
regular grate shakes to ensure ash removal from
the combustion zone to prevent the formation of
dead zones (as can be seen in Figure 3 C at 5
hours). It was further found that the stove power
rating (and consequently the oxygen availability)
had no indicative effect on the observed values of
the combustion zone temperatures. However, it was
observed that the rate at which the temperature
decreased was lower for the low power runs than for
the high-power runs. The lower oxygen availability
during low power runs led to a lower combustion
rate and consequently a lower ash formation rate.
Furthermore, during the low power runs the mean
excess oxygen in the exhaust gasses was reduced
by approximately 3% when compared to high power
runs.

availability during combustion. Furthermore, it is
observed that there is no significant difference in
combustion rate between the different coal grades.
Finally, it was found that the combustion efficiency
decreases with coal grade and oxygen availability,
with the largest combustion efficiency for the A grade
coal at high power rating. This is illustrated in Figure
4 B as the lowest ash free mass fraction of unburnt
carbon left at the end of the A grade high power run.
The emissions data were used to calculate overall
experimental emission factors. These factors were
calculated with two different methods; (i) an overall
mass balance of emission components and (ii) an
ideal gas law approach where chimney velocity is
used to calculate the molar flow rates of emission
components. An explanation of both methods
follows.
i.

Overall mass balance approach:

The mass balance calculations were expanded
form Equation 1 and includes chemical reaction
equations for the formation of NO, SO2, CO2 and CO
(Equation 2 – 6). The fuel composition as indicated
through the ultimate analysis were used as input
parameters for this method.

A

𝑚̇𝑎𝑖𝑟 +

𝜕𝑚
= 𝑚̇𝑐ℎ𝑖𝑚
𝜕𝑡

𝑘𝐽
𝐶 + 𝑂2 → 𝐶𝑂2 + 393.5 (
)
𝑚𝑜𝑙
𝑘𝐽
𝑆 + 𝑂2 → 𝑆𝑂2 + 296.2 (
)
𝑚𝑜𝑙
1
𝑘𝐽
𝐻2 + 𝑂2 → 𝐻2 𝑂 + 285.8 (
)
2
𝑚𝑜𝑙
1
𝑘𝐽
𝐶 + 𝑂2 → 𝐶𝑂 + 110.5 (
)
2
𝑚𝑜𝑙
1
1
𝑘𝐽
𝑁 + 𝑂 → 𝑁𝑂 + 90.3 (
)
2 2 2 2
𝑚𝑜𝑙
(𝑀𝑤𝑖 )(𝑛𝑖 )
𝐸𝐹𝑖 =
𝑚𝑓

B

Figure 4: (A) Fuel mass loss over time, (B)
Normalised fuel mass loss (ash free basis).

𝜕𝑚

In Figure 4, the combustion mass loss rate (4 A),
as well as the normalised coal mass fraction on an
ash free basis (4 B), can be seen for all four
experimental runs. The fuel mass loss is an
indication of the combustion rate, and the magnitude
of the combustion rate is represented by the gradient
of the mass versus time curve in Figure 4.
Furthermore, the ash free mass fraction at the end
of each run is an indication of the combustion
efficiency for each of the respective runs. It was
found that the high-power runs had greater mass
loss rates, and therefore combustion rates, than the
low power runs. This is mainly due to the oxygen

(1)
(2)
(3)
(4)
(5)
(6)
(7)

In Equation 1, 𝑚̇𝑎𝑖𝑟 ,
, and 𝑚̇𝑐ℎ𝑖𝑚 denotes the
𝜕𝑡
mass flow of air entering the stove (kg/hr), the
combustion net mass loss per time (kg/hr), and the
mass flow of gaseous combustion products exiting
the chimney (kg/hr), respectively. In Equation 7, 𝑛𝑖
and 𝑀𝑤𝑖 denotes the component mole (kmol) and
component molar weight (kg/kmol) respectively,
while 𝑚𝑓 denotes the mass of the fuel utilised for
combustion (kg). The mass fraction of each species
in the fuel was obtained from the proximate and
ultimate analysis. These fractions were multiplied by
𝜕𝑚
the mass of fuel combusted ( ) as found in
𝜕𝑡
Equation 1.
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The results were multiplied by the molar mass of
each component to determine the molar composition
of the reacting fuel. With the initial moles known,
Equations 2 – 6 were used to calculate the extent of
reaction and the mole of each species formed (𝑛𝑖 ).
Finally, Equation 7 was used to calculate the
emission factor of each component by dividing the
total mass emitted of each component with the mass
of the fuel loaded into the stove.
ii.

Ideal gas law approach:

The ideal gas law approach is used to calculate a
molar flowrate of chimney combustion products
using the chimney gas velocity as an input
parameter (Equation 8 & 9).
𝑉̇ = 𝑣𝐴
𝑛̇ 𝑐ℎ𝑖𝑚 =

𝑃𝑉̇
𝑅𝑇

𝑛̇ 𝑖 = (𝑦𝑖 )( 𝑛̇ 𝑐ℎ𝑖𝑚 )

(8)
(9)

component was again calculated using Equation 7.
The results of both the mass balance calculations
(Method 1) and ideal gas law calculations (Method
2) are shown in Table 3. Furthermore, the emission
factors are compared to data published in literature
by Sumbane ([9]) which was obtained using a
commercially available coal stove. In Table 3, it can
be seen that the NO, SOx, CO and PM emissions
produced during the experimental run are
significantly less than the emissions data obtained in
literature. Furthermore, low power runs displayed
higher levels of CO emissions than high power runs,
where the grade A coal at high power rating
produced the least amount of CO. This can be
attributed to the oxygen availability during
combustion. It can also be seen that the fuel grade
or stove power setting has no significant influence on
the NO and SOx emissions. However, the emission
factor results indicate that the stove power rating
does influence PM emissions, since high power runs
produced significantly less particulate matter than
low power runs.

(10)

4. Conclusion
Where 𝑣, 𝐴, and 𝑉̇ denotes the flue gas velocity in
the chimney (m/s), chimney cross sectional area
(m2), and the volumetric flow rate of the flue gas
(m3/s), respectively. Next, 𝑛̇ 𝑐ℎ𝑖𝑚 , 𝑃, 𝑅, and 𝑇 denotes
the molar flow of the gaseous products exiting the
chimney (mol/s), ambient pressure (Pa), the ideal
gas constant (m3·Pa·K-1·mol-1), and the temperature
measured in the chimney (K), respectively. In
Equation 10, 𝑛̇ 𝑖 and 𝑦𝑖 denotes the emissions molar
flow rate (mol/s) and emissions mole fraction
(converted to a wet basis) in the gas phase,
respectively. Finally, the emissions factor for each

It was found that the improved semi-continuous
coal stove in combination with regular grate shakes
can deliver significantly lower emission levels than
when compared to a domestic coal stove.
Furthermore, it was found that the coal grade and
stove power rating had no effect on the NO, SO x,
CO2 emissions, and also did not influence the
average temperatures observed in the combustion
chamber. However, the combustion efficiency
decreased with coal grade and oxygen availability
(power rating), with the greatest combustion
efficiency for the A grade coal at high power rating.

Table 3: Emission factors summary.
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It was also found that that combustion with both
grade coals heavily relied on frequent grate shakes,
which resulted in significant temperature and
emissions fluctuations. Finally, the semi-continuous
coal stove and the operational methodology thereof
are viably for domestic use but should be further
investigated and adapted to improve the practicality,
safety and performance thereof.

[9] L. P. Sumbane, S. J. Piketh, J. R. Bunt, and H.
W. J. P. Neomagus, “Evaluating the
performance and emission reductions of a coalderived low-smoke fuel in a conventional
household stove,” Proc. 25th Conf. Domest.
Use Energy, DUE 2017, pp. 44–50, 2017, doi:
10.23919/DUE.2017.7931823.

5. Recomendation
For future study the need for grate shakes should
be minimised. The use of coal pellets with an organic
binder could eliminate the need for grate shakes by
improving the ash settling rate, and consequently
further improve the thermal and emissions quality of
combustion in the semi-continuous coal stove.
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The spatial and temporal distribution of ambient fine particulate matter in a lowincome settlement on the South African Highveld
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The high concentration of ambient particulate matter is a concern on the South African
Highveld, particularly in dense, low-income settlements. These areas have several
local emission sources that contribute to poor air quality and are further mostly located
close to industrial and urban areas. The local sources vary in magnitude, space, and
time. In South Africa, little has been done to assess the impacts of spatiotemporal
variability on the credibility of using isolated ambient observations for regulatory
purposes. This study aims to evaluate the spatial and temporal variance of the
ambient particulate matter to determine the reliability of using a single monitoring
station to characterise air pollution in a low-income community. Meteorology and
ambient fine particulate matter (PM2.5) in distinct microenvironments of
KwaZamokuhle were simultaneously measured from February 2018 to June 2018.
These measurements were collected using one permanent ambient monitoring station
(AMS) and a temporary network of four E-BAM monitors (Site 1, Site 2, Site 3, and
Site 4). The daily PM2.5 concentrations at AMS, Site 2, Site 3, and Site 4 varied from
4-105 µg m-3 (n = 126), 10-102 µg m-3 (n = 95), 10-101 µg m-3 (n = 148), and 8-135
µg m-3 (n = 149), respectively. Significant seasonal variations were recorded at Site
2, Site 3, and Site 4, with little variability between autumn and winter concentrations
at AMS. During winter, Site 4 recorded the highest average daily ambient PM2.5 of 74
µg m-3, which was 2, 1.3, and 1.2 times greater than the AMS, Site 2, and Site 3,
respectively. Moreover, the frequency of the diurnal ambient PM2.5 concentrations at
AMS, Site 2, Site 3, and Site 4 was different thus, indicating variable durations of
domestic fuel burning events across KwaZamokuhle. This study confirms the
limitation of quantifying air quality in low-income township using a single monitoring
station, as there is substantial variability in space and time.
Keywords: fine particulate matter, low-income settlements, South African Highveld,
air quality management.
1. Introduction
Ambient air pollution, particularly fine
particulate matter with aerodynamic diameter
below or equal to 2.5 µm (PM2.5), is a major
health threat both globally and in South Africa
(Langerman et al. 2018). Air quality over the
industrialised Highveld of South Africa is of
particular concern due to the presence of large
amounts of residential and industrial sources
(Matandirotya et al. 2019). Domestic solid fuel
burning in densely populated low-income
settlements is a significant source of ambient
air pollution over the Highveld region (DEA
2011). A study conducted in the low-income

settlement of Kwadela on the South African
Highveld, found that domestic solid fuels (coal
and wood) were the dominant energy sources
in this settlement. Kwadela consumes an
estimated total of 512 tons of coal annually
(Nkosi et al. 2018). PM2.5 is a significant
byproduct of the combustion of these fuels,
consequently contributing to an increase in
morbidity and mortality in exposed communities
(Peixoto et al. 2017).
Inhabitants in low-income settlements are
more vulnerable to poor ambient air quality than
those of urban areas (Hersey et al. 2015). This
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is because they are exposed to adverse and
diverse local PM2.5 sources such as domestic
fuel combustion, motor vehicle emissions,
waste, and biomass burning (Scorgie 2012;
Naidoo et al. 2014). Not many households in
low-income communities can afford clean
energy such as electricity because of the cost.
Therefore, despite having access to electricity,
residents settle for cheap and easily affordable
fuels such as coal and wood, especially for
cooking and space heating (Gurley et al. 2013;
Language et al. 2016; Buthelezi et al. 2019).
Consequently, this causes premature deaths
since it aggravates the vulnerability of
inhabitants that are already suffering from
health-threatening illnesses including HIV,
Tuberculosis, and diabetes (Wu et al. 2018).
In 2010, the global burden of disease study
reported ambient particulate matter (PM)
pollution as one of the leading environmental
health risk factors (Lozano et al. 2013).
Annually, PM is estimated to cause 3% of
cardiopulmonary diseases and 5% of lung
cancer occurrences worldwide (WHO 2013).
South Africa experienced over 14 350
premature deaths in 2012, triggered by typical
PM associated health-threats, such as heart
diseases, stroke, and chronic respiratory
diseases (Langerman & Pauw 2018; Hswen et
al. 2019). Thus, understanding ambient PM2.5
sources, their trends, and spatio-temporal
variability are essential for designing strategies
aimed
at
assessing
and
managing
environmental and health impacts related to
poor ambient air quality.
Monitoring stations were installed within
some of the low-income settlements on the
South African Highveld to measure the state of
air quality (Gwaze & Mashele 2018). Due to the
high costs associated with purchasing and
operating these stations, the township air shed
is frequently monitored by only one such station
(DEAT 2006). However, studies have shown
that residential ambient air concentrations are
highly variable in time and space (Petit et al.
2015; Krasnov et al. 2016; Wernecke 2018;
Kumar et al. 2018). This study aims to evaluate
the spatial and temporal variability of ambient
PM2.5 to determine the reliability of using a
single monitoring station to characterise air
quality in a low-income settlement. The results
will aid the design of monitoring strategies and
management approaches in these areas.

Highveld priority area (DEAT 2007) (Figure 1).
It lies in the Nkangala local municipality with
over 20 000 permanent residents (StatsSA
2012b). It is located near Hendrina, Arnot, and
Komati Eskom power stations. Chidhindi et al.
(2019) modeled the impacts of these coal-fired
power plants and found that they emit little
PM2.5 in comparison to the local sources in
KwaZamokuhle. However, their model never
approximated secondary PM formed due to
industrial emissions. The township has an
average of 3.5 people per household with a
mean income of R1 965, and an unemployment
rate of 45% (StatsSA 2012b). Typically,
electricity is used for lighting (89.2% of
residences) whereas, for cooking, and space
heating, coal, and wood are the regular energy
sources (34% and 31.2%) of populace
respectively (StatsSA 2012b).

2.2.

This study was conducted during a sampling
campaign of five months, from 1 February 2018
to 30 June 2018. The measurements of
ambient PM2.5 concentrations were collected
from one permanent ambient monitoring station
(AMS) located in KwaZamokuhle and from a
temporary network of four individual E-BAM
monitors (Site 1, Site 2, Site 3, and Site 4). The
E-BAM monitors were strategically deployed in
different sections of the township (Figure 1).
Met One Instruments (2008b) and Schweizer et
al. (2016) provide a detailed discussion of the
E-BAM theory of operation. E-BAM instruments
were used because they are recommended for
monitoring the temporal and spatial variability,
particularly of ambient PM2.5 (Met One
Instruments 2008b; Schweizer et al. 2016;
Kumar et al. 2018). Distribution of the E-BAMs
was determined by considering their relative
distance away from each other, availability of
electricity, and security. The former was
important to determine the differences in the
ambient PM2.5 concentrations across distinct
sections of the township. Meteorological data
were also collected in each of the sampled
sites. Figure 2 shows the different wind speeds
and wind directions recorded in KwaZamokuhle
during the entire monitoring campaign (1
February-30 June 2018). It is important to note
that Figure 2 does not depict the prevailing
meteorology for Site 1, as this site was
excluded from the larger analysis.

2. Data and methodology
2.1.

Instrumentation and data collection

Study area

KwaZamokuhle is a low-income residential
area that is situated in the Mpumalanga
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Figure 1: KwaZamokuhle low-income settlement in the Mpumalanga Highveld priority area and the
spatial distribution of the monitoring sites.

2.3.

Data quality control and analysis

The E-BAM data resolution across the four
monitoring sites recorded ambient PM2.5
concentrations at 1 minute time interval and
was averaged into 1 hour concentration. The
sites were regularly visited (at least twice a
month) for calibration, maintenance, and data
collection. Due to inevitable sampling errors,
data quality control was done as recommended
by Met One Instruments (2008b) and
Schweizer et al. (2016) thus only values within
the E-BAM range were considered. The data
gaps displayed in Figure 3 reflect the technical
problems encountered during the sampling
campaign. These included power cuts,
systematic failures due to PM2.5 overload, and
changing of filter tapes. Hence, considering the
use of integers in the analysis was necessary
to avoid the instrumental uncertainties resulting
from the systematic and random errors. After
data quality control, Site 1 was excluded from
the analysis due to the substantial data gaps
illustrated in Figure 3.

Page | 82

Figure 3: Time series graph showing the
daily average PM2.5 concentrations
measured at AMS, Site 2, Site 3, and Site 4.

Figure 2: The magnitude of the wind direction and wind speed recorded during the sampling campaign
at (a) AMS, (b) Site 2, (c) Site 3, and (d) Site 4.

The daily and seasonal min, max, and average
concentration peak with its associated standard
deviation were calculated by conducting a
descriptive statistical analysis. Furthermore,
the hourly and daily averages were used to
generate a boxplot and a bar chart,
respectively. A diurnal time-series graph was
produced from hourly averages. The analysis
included outliers to assess profound ambient
PM2.5 scenarios recorded in the community.

3. Results and discussion
3.1. Characterising the spatial and
temporal variability of ambient
PM2.5
The spatial distribution of the daily mean
ambient PM2.5 levels across distinct sections of

KwaZamokuhle is shown in Figure 4. The daily
PM2.5 concentrations at AMS, Site 2, Site 3, and
Site 4 ranged from 4-105 µg m-3 (n = 126), 10102 µg m-3 (n = 95), 10-101 µg m-3 (n = 148),
and 8-135 µg m-3 (n = 149), respectively.
Across KwaZamokuhle, the daily mean
concentration varied from 35 ± 19 µg m-3 at
AMS to 48 ± 26 µg m-3 at Site 4. However, Site
2 (42 ± 20 µg m-3) and Site 3 (42 ± 21 µg m-3)
measured the same mean ambient PM2.5
concentrations. This can be attributable to the
prevalence of the easterly winds which were
dominant at both sites during the monitoring
period (Figure 2). As such, local ambient PM2.5
sources were frequently transported in the
western direction of the township, where Site 2
and Site 3 were located (Figure 1) thus, both
these sites measured similar concentrations.
All the monitored sites, except for AMS,
exceeded the South African 24h PM2.5 national
ambient air quality standards (NAAQS) of 40 µg

Page | 83

m-3, however, Site 4 had the highest frequency
of exceedance. This is likely due to the potential
local sources that were located nearby its
vicinity during the sampling duration.
Compliance at AMS can be well justified by the
predominance of the westerly winds which were
associated with strong wind speed (6-76.17
m/s) (Figure 2). Consequently, PM2.5 dispersed
more rapidly in this section of KwaZamokuhle
than in areas with relatively lower winds such
as Site 2 (5-6 m/s), Site 3 (4-5 m/s), and Site 4
(6-7 m/s). Therefore, the compliance status of a
single point monitoring station in a particular
section does not confirm that air quality is
similar across the entire township. Our results
show that the sources and meteorological
conditions specific to each microenvironment
have a significant impact on the air quality, even
in a relatively small community like
KwaZamokuhle.

Figure 5: Seasonal variance of ambient PM2.5
concentrations recorded at AMS, Site 2, Site
3, and Site 4 during summer (February 0128), autumn (March 01-May 31), and winter
(June 1-31). The red dotted lines represent
the 24 hours PM2.5 South African National
Ambient Air Quality Standard.

Figure 4: Spatial variation of daily average
ambient PM2.5 concentrations at AMS, Site 2,
Site 3, and Site 4. The box-and-whisker plots
show the minimum and maximum values
(horizontal lines perpendicular to the
whiskers); 25th, 50th, and 75th quantiles;
means (green triangles in the boxes); outliers
(circles beyond the whiskers); and the 24
hours South African National Ambient Air
Quality Standard (red dotted lines).

3.2.

June, to represent winter concentrations for this
analysis. As a result, the seasonal data sets for
summer and winter were smaller than those
available for autumn (Table 1).
Figure 5 shows the seasonality of the daily
average
ambient
PM2.5 concentrations
observed at all four sites during the summer,
autumn, and winter periods. Due to data gaps
at Site 2, particularly during February (Figure
3), summer concentrations were excluded for
this site. Significant seasonal variations were
recorded, at Sites 2, 3, and 4, with very little
variability between autumn and winter
concentrations at AMS. These findings are sim-

Seasonal variability

Summer months in South Africa are from 1
December – 28/29 February, Autumn from 1
March – 31 May, and Winter from 1 June – 31
August (Adesina et al. 2019; Belelie et al.
2019). Table 1 provides descriptive statistics of
the seasonal daily mean ambient PM2.5
concentrations measured at all four sites
included in the analysis. Due to data limitations,
daily average ambient PM2.5 concentrations
recorded in February were used to represent
summer concentrations and those recorded in

imilar to previous observations made in
KwaZamokuhle
and
other
low-income
settlements on the Highveld. Generally, winter
concentrations were very high, in a downward
trend, followed by autumn, and summer with
the lowest concentrations. These observations
were also reported by (Langerman et al. 2018;
Yahia & Langerman 2018; Wenecke 2018;
Adesina et al. 2019). The aforementioned
studies attributed substantial winter increments
of PM2.5 concentrations to domestic fuel
combustion. As mentioned earlier, there is
considerable residential reliance on coal and
wood for space heating and cooking in
KwaZamokuhle (StatsSA, 2012b). A significant
portion of these fuels is burned during the
winter period to keep households warm from
cold ambient temperatures (Langerman et al.
2015; Yahia & Langerman 2018). Poor air
quality over the Highveld is further exacerbated
by prevailing winter time anticyclonic circulation
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that leads to the formation of inversion layers
causing poor vertical dispersion of pollutants
(Langerman et al. 2018).
During summer, autumn, and winter, the
daily
average
ambient
concentrations
measured at AMS were below the 24h PM2.5
NAAQS (40 µg m-3) (Figure 5). In contrast, the
opposite was the case at Site 2 (in winter), Site
3 (in winter), and Site 4 (in autumn and winter).
The spatial variability of observed ambient
concentrations
across
different
microenvironments of KwaZamokuhle was low
during both summer and autumn. However,
during winter, a significant spatial variation was
recorded. Site 4 recorded the highest average
daily ambient PM2.5 of 74 µg m-3, which was 2,
1.3, and 1.2 times greater than of AMS, Site 2,
and Site 3, respectively (Table 1). This
difference can be attributable to the
heterogeneity of local sources that are
unevenly
distributed
across
the
microenvironments of KwaZamokuhle.
3.3.

Diurnal distribution of ambient PM2.5
concentrations

null hypothesis that the means of the four sites
are from the same population (p-value 1.2e-14).

Figure 6: Normalised mean ambient PM2.5
concentrations (µg m-3) at AMS, Site 2, Site
3, and Site 4. The shaded part along the mean
represents the 95% confidence interval.

4. Conclusion

The hourly data measured at AMS, Site 2, Site
3, and Site 4 were normalised to plot the diurnal
ambient
PM2.5
concentrations
across
KwaZamokuhle. The recorded behaviour of
ambient PM2.5 pollution during the hours of the
day in KwaZamokuhle is depicted in Figure 6.
The microenvironments of this township
showed
significantly
different
bimodal
concentration distributions thus, indicating that
PM2.5 sources are local by origin. During the
morning hours (05h00-09h00), Site 2 observed
the highest concentration of 2.7 µg m-3, which
varied by almost a factor of 2, 1.5, and 2 than
that at AMS, Site 3, and Site 4, respectively.
This is likely due to the duration of domestic fuel
burning events and the frequency of emissions
produced, which are different for each section
in the community. It is noteworthy that no peak
was recorded during the day (10h00-13h00) at
all sites, therefore, suggesting that air quality in
KwaZamokuhle is not polluted by industrial
emissions (Collett et al. 2010). During the
evening hours (15h00-21h00), Site 4 measured
the highest peak of 3.1 µg m-3, which was
similar to that of AMS however, greater by a
factor of 2 and 1.5 than those of Site 2 and Site
3, respectively. A further ANOVA analysis of
hourly data for the full monitoring period (1
February 2018 – 30 June 2018) rejected the

The spatial and temporal variability of ambient
PM2.5 concentrations in KwaZamokuhle was
investigated to evaluate the reliability of a single
point monitoring station. This was done using a
permanent ambient monitoring station and
temporary a network of four temporary
monitoring stations in various sections of the
township. Moreover, a characterization of
ambient PM2.5 was done and showed poor
quality with varying frequencies across the
entire settlement. The diurnal variability
suggested the duration of domestic combustion
of solid fuel events is different across
KwaZamokuhle.
The daily ambient PM2.5
concentrations at AMS, Site 2, Site 3, and Site
4 were found to be significantly different. This
study highlights the complexity of quantifying
ambient air quality in an area where there are
several local pollution sources. Therefore, care
should be taken when data from one site is
used to assess air quality, human exposure, or
the potential impacts of mitigation strategies in
dense, low-income settlements
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Table 1: Descriptive statistics summarizing the seasonal variations of daily average ambient PM 2.5
concentrations (µg m-3) measured in each section of KwaZamokuhle.
Summer PM2.5
AMS
Site 2
Site 3
Site 4
(1 – 28 February 2018)
count

20

-

27

28

mean

23

-

23

27

std

14

-

9

10

min

4

-

10

10

max

68

-

53

42

Autumn PM2.5
(1 March – 31 May
2018)

AMS

Site 2

Site 3

Site 4

Count

78

74

92

92

mean

37

37

40

46

std

18

17

17

23

min

5

10

10

8

max

105

92

94

113

Winter PM2.5
(1 – 30 June 2018)

AMS

Site 2

Site 3

Site 4

count

28

21

29

29

mean

39

59

66

74

std

22

18

18

24

min

10

32

21

33

max

101

102

101

135

African coastal community.’ International
journal of environmental research and public
health, 16(4):550.

6. References
Adesina J.A., Piketh S.J., Qhekwana M.,
Burger R., Language B. and Mkhatshwa G.
2019, ‘Contrasting indoor and ambient
particulate matter concentrations and thermal
comfort in coal and non-coal burning
households
at
South
Africa
Highveld.’ Science
of
the
Total
Environment.134403.
Belelie M.D., Piketh S.J., Burger R.P., Venter
A.D. and Naidoo M. 2019, ‘Characterisation
of ambient Total Gaseous Mercury
concentrations over the South African
Highveld.’ Atmospheric
Pollution
Research, 10(1):12-23.
Buthelezi S.A., Kapwata T., Wernecke B.,
Webster C., Mathee A. and Wright C.Y. 2019,
‘Household fuel use for heating and cooking
and respiratory health in a low-income, South

Chidhindi P., Belelie M.D., Burger R.P., Piketh
S.J. and Mkhatshwa G. 2019, ‘Assessing the
impact of Eskom power plant emissions on
ambient air quality over KwaZamokuhle.’
Clean Air Journal, 29(1):29-37.
Collett K.S., Piketh S.J. and Ross K.E. 2010,
‘An assessment of the atmospheric nitrogen
budget on the South African Highveld.’ South
African Journal of Science, 106(5-6):35-43.
Department of Environmental Affairs. 2011,
‘Highveld
priority
area
air
quality
management plan.’
Gurley E.S., Salje H., Homaira N., Ram P.K.,
Haque R., Petri Jr W.A., Bresee J., Moss
W.J., Luby S.P., Breysse P. and AzzizBaumgartner
E.
2013,
‘Seasonal

Page | 86

concentrations and determinants of indoor
particulate matter in a low-income community
in Dhaka, Bangladesh.’ Environmental
research, 121:11-16.
Gwaze P. and Mashele S.H. 2018, ‘South
African Air Quality Information System
(SAAQS) mobile application tool: bringing
real time state of air quality to South Africa.’
Clean air journal, 28(1):1-4.
Hersey S., Garland R.M., Crosbie E., Shingler
T., Piketh S. and Burger R. 2015, ‘An
overview of regional and local characteristics
of aerosols in South Africa using satellite,
ground, and modeling data.’ Atmospheric
chemistry and physics, 15:4259.

South African low-income settlements: a case
study.’ WIT Transactions on Ecology and the
Environment, 207:227-236.
Lozano R. et al. 2013, ‘A systematic analysis for
the global burden of disease study 2010.’ The
Lancet, 280(9859):2095-2128.
Matandirotya N.R., Cilliers D.P., Burger R.P.,
Pauw C. and Piketh S.J. 2019, ‘The potential
for domestic thermal insulation retrofits on the
South
African
Highveld.’ Clean
Air
Journal, 29(1):21-28.
Met One Instruments, Inc. 2008b, ‘E-bam
particulate matter monitor operation manual
E-bam 9800 Rev L.’

Hswen Y., Qiuyuan Q., Brownstein J.S. and
Hawkins J.B. 2019, ‘Feasibility of using social
media to monitor outdoor air pollution in
London, England.’ Prevention medicine,
121:86-93.

Naidoo S., Piketh S.J. and Curtis C. 2014,
‘Quantification of emissions generated from
domestic burning activities from townships in
Johannesburg.’ Clean Air Journal, 24(1):3441.

Krasnov H., Kloog I., Friger M. and Katra I.
2016, ‘The spatio-temporal distribution of
particulate matter during natural dust
episodes at an urban scale.’ PloS one, 11(8).

Nkosi N.C., Piketh S.J. and Burger R.P. 2018.
‘Fine PM emission factors from residential
burning of the solid fuels using traditional
cast-iron coal stoves.’ Clean air journal,
28(1):35-41.

Kumar M.K., Sreekanth V., Salmon M., Tonne
C. and Marshall J.D. 2018, ‘Use of
spatiotemporal characteristics of ambient
PM2.5 in rural South India to infer local versus
regional
contributions.’
Environmental
pollution, 239:803-811.
Langerman K.E. and Pauw C.J. 2018, ‘A critical
review of health risk assessments of
exposure to emissions from coal-fired power
stations in South Africa.’ Clean Air Journal,
28(2):68-79.
Langerman K.E., Pauw C.J., Smith H.J. and
Piketh S.J. 2018, ‘Moving households to
cleaner energy through air quality offsets.’ In:
2018 International Conference on the
Domestic Use of Energy (DUE).
Langerman K., Wernecke B., Mkhatshwa G.,
Herbst D., Piketh S., Burger R., Pauw C.,
Snyman H., Murray H., Fischer T. and
Weston M. 2015, ‘Domestic fuel burning
emission reduction: Eskom’s KwaZamokuhle
pilot study.’ In: NACA Conference.
Bloemfontein, South Africa, October 2015.
Language B., Piketh S.J., Wernecke B. and
Burger R. 2016, ‘Household air pollution in

Peixoto M.S., de Oliveira Galvao M.F. and de
Medeiros S.R.B. 2017, ‘Cell death pathways
of particulate matter toxicity.’ Chemosphere,
188:32-48.
Petit J.E., Amodeo T., Meleux F., Bessagnet,
Menut L., Grenier D., Pellan Y., Ockler A.,
Rocq B., Gros V., Sciare J. and Favez O.
2015, ‘Characterising an intense PM pollution
episode in March 2015 in France from multisite approach and near realtime data.’
Climatology,
variabilities,
geographical
origins and model evaluation, 155:68-84.
Schweizer D., Cineros R., and Shwan G. 2015,
‘A comparative analysis of temporary and
permanent beta attenuation monitors: The
importance of understanding data and
equipment limitations.’ Atmospheric pollution
Research, 7:865-875.
Scorgie Y. 2012, ‘Urban air quality
management and planning in South Africa.’
University of Johannesburg. (Thesis-PhD).
South Africa. Department of Environmental
Affairs and Tourism. 2007, ‘Declaration of the
Highveld as priority area in terms of section

Page | 87

18(1) of the national environmental
management: Air quality Act, 2004 (ACT NO.
39 OF 2004).’ Government Gazette,
No.30518:3-4.
South Africa. Department of Environmental
Affairs and Tourism. 2006, ‘Environmental
quality and protection.’ Pretoria.
Statistics South Africa. 2012b, ‘Census 2011.
Statistical Release.’ Pretoria: Statistics South
Africa.
Wernecke B. 2018, ‘Ambient and indoor
particulate matter concentrations on the
Mpumalanga
Highveld.’
Potchefstroom:
North West University. (Dissertation- MSc).
World Health Organization. 2013, ‘Health
effects of particulate matter. Policy
implications for countries in Eastern Europe,
Caucasus and Central Asia.’
Wu W., Jin Y. and Carlsten C. 2018,
‘Inflammatory effects of indoor and outdoor
particulate matter.’ Clinical reviews in allergy
and immunology, 141:833-841.
Yahia Z. and Langerman K. 2018,
‘Assessing the implication of South
Africa’s integrated national electricity
supply
connections.’
In:
2018
Proceedings
of
the
International
Conference on the Industrial Engineering
and Operations Management.

Page | 88

Assessment of indoor particulate matter concentrations in coal and noncoal
reliant formal and informal households in Mpumalanga Highveld
Simon D. Moletsane*1, Lerato. Tshisi1, Joseph A. Adesina1, Roelof P. Burger1, Brigitte
Language1 and Stuart J. Piketh1
1 Climatology

Research Group, Unit for Environmental Sciences and Management, North-West University,
simonmoletsane47@gmail.com, jadesina173@gmail.com, stuart.piketh@nwu.ac.za

Globally, household air pollution is among the leading risk factors that threaten human
health. In South Africa, especially in low-income settlements, research has shown that
indoor PM4 concentrations are a challenge and frequently surpass the permissible
levels stipulated by the NAAQS. However, little effort has been made to study the PM4
concentration in distinct homes (informal and formal) that use different primary energy
sources. Therefore, this paper aims to evaluate indoor PM4 concentrations of
households with different housing structures that rely on either coal or a non-coal
energy carrier in Lebohang. Four different households namely, coal-burning formal
household (CFH), noncoal-burning formal household (NFH), coal-burning informal
household (CIH), and noncoal-burning informal household (NIH) in Lebohang lowincome settlement, were selected for PM4 sampling. This was done by using SidePak
AM510 photometric instruments in each of these houses, which operated
simultaneously during the summer (from 5 to 12 March 2018) and winter (from 23 to
30 July 2018) season. The daily mean indoor PM4 concentrations measured across
all the sampled households in Lebohang ranged from 21 µg/m-3 to 164 µg/m-3 in
summer and from 60 µg/m-3 to 583 µg/m-3 in the winter season. During summer, CFH
recorded the highest indoor PM4 concentration of 164 µg/m-3 which surpassed the
PM2.5 24h national ambient air quality standard (NAAQS) of 40 µg/m-3 by a factor of 4.
However, during winter, CIH measured the highest daily average indoor PM4
concentration of 583 µg/m-3 that exceeded the NAAQS (40 µg/m-3) by a factor of 15.
Moreover, despite non-coal reliance, the diurnal distribution revealed that informal
households are also vulnerable to substantial ambient PM4 concentrations,
particularly in the morning. The results of the study, therefore, highlights the
significance of formal households and residential transition to cleaner energy sources
in managing the issue of indoor air pollution in townships.
Keywords: Indoor air pollution, PM4, coal reliance, low-income settlement, formal
and informal households, Highveld, HAP management
1. Introduction
In recent years, household air pollution (HAP)
has drawn substantial attention, thus shifting the
focus from mainly ambient air quality studies
(Language et al. 2016). It has been found that
indoor environments, contrary to outdoor places,
are predominantly associated with human
exposure to air pollutants (Norman et al. 2007).
Enclosed surroundings contain numerous HAP
sources (Shezi & Wright 2018), and are typically
where people spend most of their time (more than

85%) (Arvanitis et al. 2010; Language et al. 2015;
Norman et al. 2007). This explains the reason
why HAP is ranked as a fourth risk leading factor
by the global burden of disease study. Poor
ambient air quality is ranked ninth in the same
study (Lim et al. 2012).
HAP is frequently associated with the domestic
use of solid fuels (Friedl et al. 2008; Language et
al. 2016; Matandirotya et al. 2019). About 2.8

Page | 89

billion people depend on solid fuels such as coal
and wood for cooking and space heating
purposes (WHO 2018). Incomplete combustion
of these energy sources produce emissions of
particulate matter (PM) (Arvanitis et al., 2010). In
environments where people are exposed to this
PM, it is likely to increase the risk of premature
deaths (Adesina et al. 2019; Wenercke 2018).
Globally, the early loss of lives attributable to HAP
resulting from domestic solid fuel combustion is
staggeringly high (WHO 2018; UN 2019). SubSahara Africa is particularly impacted as only
43% of its populace has access to electricity,
meanwhile, the remaining portion is reliant on
traditional energy sources (Adesina et al. 2019).

settlements (Adesina et al. 2019; Language et al.
2015; 2016; Kapwata et al. 2018). However, only
a few have investigated the distribution of PM4
concentrations in formal and informal township
households that relies upon either coal or
electricity. Thus, this paper aims at evaluating the
indoor PM4 concentrations of households with
different housing structures that rely on either
coal or noncoal energy carrier in Lebohang. The
results will provide evidence to decision-makers
for designing policies and managing HAP within
low-income communities.

Exposure to indoor PM concentrations is a
challenge in South African low-income
settlements (Friedl et al. 2008; Language et al.
2015; Wernecke 2018). Inhabitants of lowincome residential areas typically resort to solid
fuels for their primary energy requirements.
These are more economical than electricity and
fulfill multiple functions, i.e. cooking, and space
heating simultaneously (Buthelezi et al. 2019). In
South Africa, over 4 million people in
impoverished communities are estimated to be
reliant on either coal, wood, or animal dung to
meet their daily domestic energy demand
(cooking and space heating) (Kapwata et al.
2018). As such, particulate matter is emitted
directly into the house, leading to indoor exposure
to PM (Adesina et al. 2019). Subsequently,
increasing the vulnerability of household
members to HAP health risks such as
tuberculosis, lung cancer, acute respiratory
infections, and asthma (Ezzati & Kammen 2002;
WHO 2018).

2.1. Study location

2. Research methods and materials

The spatial distribution of the distinct monitored
households in Lebohang low-income settlement
is shown in Figure 1. Lebohang was chosen as it
is located in the Mpumalanga Highveld priority
area (HPA), a region known for substantial poor
air quality (DEA 2007). It falls within the Govan
Mbeki local municipality and has a total
population of about 31 500 people. The
community has about 8 908 households, and
76.8% of these homes are formal. Over 96.5% of
households in Lebohang use electricity solely for
lighting, while 15.2% and 30.9% burn coal for
cooking and space heating purposes (StatsSA
2011).

South Africa has legislated the National
Ambient Air Quality Standards (NAAQS) that
stipulates allowable PM concentrations (DEA
2011). Although these thresholds are not
exclusively limited to PM (other pollutants such as
NOx, SO2, and CO are regulated as well), the
NAAQS only focuses on fine particulate matter
(PM2.5) and coarse particulate matter (PM10).
However, it was found that the health impacts of
PM4 are similar to those of PM2.5 therefore,
making it a pollutant of significant concern
(Adesina et al. 2019).
PM4 is one of the causal pollutants of HAP
emitted during domestic combustion of dirty solid
fuels (Wernecke et al. 2015). Numerous studies
have acknowledged PM4 as a persistent health
problem, particularly in South African low-income
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Figure 1: Map of Lebohang low-income
settlement and the spatial distribution of the
sampled households.

2.2.

Data collection and quality control

Indoor PM4 was sampled in four different
homes in Lebohang during summer (from 5 to 12
March 2018) and winter (from 23 to 31 July 2018),
respectively. Two of these homes were formal
structures, while the remaining two were informal
dwellings. Formal households were brick
constructed government designed RDP fourroomed houses, consisting of four windows and
two doors.
The informal dwellings were tworoomed structures, with only two windows and
one door. Both household types (formal and
informal) had a noncoal-dependent, and a coalreliant house. Thus, the monitored homes were
classified as either, coal-burning formal
household (CFH), noncoal-burning formal
household
(NFH),
coal-burning
informal
household (CIH), or noncoal-burning informal
household (NIH) (Figure 1). These classifications
will be used as the reference of the houses in the
results section.
SidePak AM510 photometric instrument was
deployed in each of the four households to
measure PM4 concentrations. This instrument
has a detection limit that ranges between 0.00120 mg/m-3 and 0.1-10 µm for aerosol
concentration sampling and particle size
measuring, respectively (TSI 2012). Therefore, to
restrict the particle readings exclusively on PM4, a
10 mm nylon Dorr-Oliver cyclone inlet was used.
During each season, the instruments were
simultaneously operated at the 5-minute time
interval, across all houses.
Data quality was assured throughout the
sampling campaign by following similar
procedures outlined by Adesina et al. (2019).
Thus, site visits were frequently conducted for
maintaining instruments as well as downloading
the data. Moreover, a calibration factor of 0.715
as derived from the work of Language et al.
(2016) was applied to correct the PM4
measurements. Ultimately, to ensure the use of
quality data in the analysis, only values within the
aforementioned detection limit were considered.

Figures 2 and 3 depict the normalised diurnal
indoor PM4 concentrations measured at NIH,
NFH, CFH, and CIH during the summer and
winter season, respectively. Both seasons
displayed bi-modal particulate distributions
across all homes, though, winter shown intense
patterns. No simultaneous maximum bimodal
trends were seen at any particular household
during the sampling campaign. Rather, the
highest morning and evening peaks were
separately observed at different homes. For
instance, during summer, the highest morning
and evening indoor PM4 concentrations were
recorded at NIH and CIH, respectively. In winter,
however, the maximum morning and evening
peaks appeared at CIH and CFH respectively.
In summer, the maximum morning peak
(02h00-07h00) observed at NIH was 2.3 mg/m-3.
This was approximately greater than a factor of 2
compared to the concentrations at NFH, CFH,
and CIH (Figure 2). The results indicate that
residents in noncoal-burning informal households
are also prone to substantial indoor PM4
concentrations. This is likely due to the
penetration of outdoor emissions either through
windows and doors (when opened) or visible
holes in the dwelling structures (Vanker et al.
2015). In the evening (16h00-21h00), the highest
indoor PM4 peak of 3.3 mg/m-3 was seen at CIH.
This was 10%, 32%, and 57% greater than that
of NFH, CFH, and NIH, respectively. However,
this was no surprise as other studies have
reported
substantial
indoor
particulate
concentrations as being associated with
inadequate housing structures and coal-burning
practices in the low-income settlements (Mahabir
et al. 2016; Adesina et al. 2019; Jafta et al. 2017;
Vanker et al. 2015).

3. Results and discussion
3.1.
3.2.

Indoor PM4 temporal variation
PM4 diurnal distribution
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Figure 3: Winter diurnal distribution showing
normalised mean hourly concentrations and
95% confidence interval (shadows along the
mean) of indoor PM4 (mg/m-3) at NIH, NFH,
CFH, and CIH.

Figure 2: Summer diurnal distribution showing
normalised mean hourly concentrations and
95% confidence interval (shadows along the
mean) of indoor PM4 (mg/m-3) at NIH, NFH,
CFH, and CIH.
Similarly, during winter CIH measured the
highest morning peak (04h00-09h00) of 2 mg/m3, which was 18% and 38% greater than those in
the NIH and CFH respectively (Figure 3). It is
noteworthy that no peak was seen in the morning
at NFH. Instead, it appeared in the afternoon
(09h00-15h00), peaking at 13h00. This is likely
due to outdoor emissions that could have been
produced near the NFH during the sampling
campaign. The evening hours (15h00-21h00)
displayed the highest indoor PM4 concentration of
6.4 mg/m-3 in the CFH, which was greater by a
magnitude of 2 when compared to those
measured at NIH, NFH, CIH respectively. This is
likely due to the emissions produced during coal
burning and better insulation of the formal
household, which may trap the pollution.

3.3. Indoor PM4 daily average distribution
Figures 4 and 5 show the daily mean
concentrations at NIH, NFH, CFH, and CIH
during the summer and winter season,
respectively. The daily average indoor PM 4
across all the sampled households ranged from
21 µg/m-3 to 164 µg/m-3 in summer and from 60
µg/m-3 to 583 µg/m-3 in the winter season.
Generally, summer recorded relatively cleaner
indoor air quality when compared to winter. The
reason being, during this period, there is less
coal-burning and high ventilation practice due to
warm temperatures (Jafta et al. 2017).
In summer, the highest daily average PM4 of
164 µg/m-3 was measured at CFH and surpassed
the NAAQS of 40 µg/m-3 by a factor of 4. This
varied significantly to the maximum daily means
measured at NIH (82 µg/m-3) and NFH (70 µg/m3), with an exception for CIH (117 µg/m-3).
However, less variation was observed at NFH (70
µg/m-3) and NIH (82 µg/m-3). This is likely due to
the impacts of non-coal reliance practiced at both
households. NFH measured the lowest mean
average indoor PM4 of 21 µg/m-3 across all
houses and was below the 24h NAAQS (40 µg/m3) by order of 2. This can be attributable to the
impacts of non-coal reliance and the high natural
ventilation rate of the formal household.
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Figure 4: The daily average indoor PM4 (µg/m3
) concentrations recorded from 5 to 12 March
2018 at NIH, NFH, CFH, and CIH during
summer. The box and whisker plots show the
50th percentile (black horizontal line), mean
(green triangle), and outliers (black diamonds).
The red dotted line represents the South
African NAAQS of 40 µg/m-3.

Figure 5: The daily average indoor PM4 (µg/m3) concentrations recorded from 23 to 30 July
2018 at NIH, NFH, CFH, and CIH during
winter. The representation of the box and
whisker plots shown here are similar to those
presented in Figure 4.
Across all households, CIH measured the
highest daily average indoor PM4 concentration
of 583 µg/m-3 in winter that exceeded the NAAQS
of 40 µg/m-3 by a factor of 15. This concentration
was higher by a factor of 2 compared to that of
NIH (294 µg/m-3), NFH (355 µg/m-3), and CFH
(265 µg/m-3). The observed difference can be
attributed to the increment in the burning patterns
of residents in CIH to keep warm from cold
ambient temperatures. Consequently, resulting
emissions cause significant indoor PM4
concentrations (Matandirotya et al. 2019;
Adesina et al. 2019). Due to limited space in CIH,
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the natural ventilation rate is weak, thus blocking
emitted PM4 concentrations from escaping into
the ambient environment (Jafta et al. 2017).
Therefore, these results suggest that during
winter, inhabitants in CIH are vulnerable to HAP
associated health risks.

4. Conclusion
Indoor PM4 concentrations were measured in
four distinct homes, namely, noncoal-burning
informal household, noncoal-burning formal
household, coal-burning formal household, and
coal-burning informal household, to evaluate how
the emissions were distributed across these
houses. For each household, the sampling
campaign covered the summer and winter
periods, respectively. Despite the noncoalburning practices, the diurnal distributions
showed that residents of informal households are
also exposed to substantial indoor PM4
concentrations due to outdoor emissions.
However, this was not the case for formal
households, particularly those that were non-coal
reliant, as these showed relatively lower indoor
concentrations than other household types. The
worst-case indoor PM4 episode was recorded in
the coal-burning informal household during
winter. Thus, showing that the winter period
poses a great threat to the health of coal-reliant
informal household occupants. This study
highlights the need for a residential transition to
clean energy sources and adequately ventilated
formal households to mitigate and manage the
issue of indoor air pollution in low-income
settlements.
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The worldwide practice of running along roadsides is one of importance; and recently
has raised concerns as runners are potentially inhaling ambient air pollution, particularly
from vehicle emissions. This research aimed to quantify the ambient BTEX
concentrations (i.e. Benzene, Toluene, Ethylbenzene, and Xylenes) along main roads in
Bedfordview, a suburban area in Gauteng, South Africa; using in situ measurements,
sampled during winter (July to August). The results indicate that differences in BTEX
concentrations exist between different traffic periods when compared. This is specifically
noted during peak periods (07h00 – 08h00) and on weekdays as runners and/or joggers
are exposed to higher BTEX concentrations as compared to weekends and/or during offpeak traffic periods (11h00 – 12h00). It was noted that of all BTEX concentrations,
Toluene was the most abundant compound with a recorded value of 0.8 µg.m-3, as well
as the highest concentration runners inhaled per minute. Calculations indicate that
inhaled concentrations of BTEX amongst runners exceeded inhalation health limits
(when inhaling at the submaximal inhalation rate of runners - 35L.min-1). However, when
inhaling at the sampled rate of 2L.min-1, more representative of walking or slow jogging,
the runners are not exposed to above recommended concentrations and are at
potentially lower risk of adverse health impacts. Moreover, the presence of benzene in
the ambient samples assumes a high carcinogenic health risk for runners due to its
presence on all sampling days and times.
Keywords: Athletes health risk, Ambient air pollution, Highveld Priority Area (HPA),
Volatile Organic Compounds

1. Introduction
The increase in urbanization has led to higher
demands for services and amenities; such as power
generation and increased transport needs; and is
stated as one of the main reasons for the
intensification in the emissions of ambient air
pollutants, particularly volatile organic compounds
(VOCs), and more specifically hazardous air
pollutants (HAPS) (Alghamidi et al., 2014). The most
common non-methane VOC emitted from vehicles is
known as BTEX (viz. Benzene, Toluene,
Ethylbenzene and Xylenes) (Hinwood et al., 2007;
Truc and Oanh 2007; Hoque et al., 2008; Iovino et
al., 2009; Vardoulakis et al., 2011; Alghamidi et al.,
2014).
BTEX emissions have been in the limelight as of
recent, due to their adverse effects on both the
environment and on human health (Han and Naeher,
2006; Lourens et al., 2011; Majundar et al., 2011;
Alghamadi et al., 2014; Moolla et al., 2015a; Moolla
et al., 2015b). Environmentally, elevated BTEX

concentrations emitted into the troposphere and
stratosphere can be associated with the creation of
secondary pollutants, and the change in the
chemical composition of the atmosphere (Alghamidi
et al., 2014). One of the major secondary pollutants
created in the atmosphere due to excess BTEX is
that of tropospheric ozone, which contributes to the
global warming crises (Majumdar et al., 2011).
Anthropogenic activities result in excess BTEX
concentrations, and have been can be linked to
adverse health conditions noted in the liver, kidneys,
lungs, as well as been noted to cause disorders of
the neurological-, gastrointestinal-, and reproductive
systems; to name a few (Moolla et al., 2015b).
The public is exposed to these ambient BTEX
concentrations, mainly through their commuting
methods such as car, train, bus, cycling and walking
(Chertok et al., 2004); as BTEX emissions are noted
to be high on transport busy routes. The commuting
mode linked to higher air pollution inhalation and
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higher health risk differs between location, pollution
type and transportation mode.
Research studies suggest car commuters having
a higher risk of exposure to hazardous air pollutants
due to their proximity to the sources. Runners,
joggers and cyclists are potentially at a risk of
increased respiratory illnesses and carcinogenic
endangerment, due to their direct exposure to
ambient pollutants (Carlisle and Sharp, 2001; Rank
et al., 2001; Chertok et al., 2004; Han and Naeher,
2006; Blair et al., 2010; Aydin et al., 2014; Bos et al.,
2014; Do et al., 2014; Giles and Koehle, 2014;
Bigazzi and Figliozzi, 2015), however, very little
inquiry into this area of study has been conducted.
The impacts associated with BTEX emissions are
well studied around the world, especially in the
context of how the emissions are linked to vehicle
emissions. Despite this wealth of research, there
have only been a few studies covering these topics
in South Africa (viz. Lourens et al., 2011; Moolla et
al., 2013; Moolla et al., 2015a; Moolla et al., 2015b;
Roffe et al., 2017; Moolla and Johnson, 2019). None
of this research has been specific to the region of
Bedfordview, which falls in the Highveld Priority Area
(HPA), an area of known air quality issues and
adverse health impacts in South Africa (DEA, 2011),
or how runners are affected by ambient levels of
BTEX along roadsides. Thus, this research aimed to
quantify the ambient BTEX concentrations (i.e.
Benzene, Toluene, Ethylbenzene, and Xylenes)
along main roads in Bedfordview, a suburban area
in Gauteng, South Africa; using in situ
measurements, sampled during winter (July to
August 2018).

2. Experimental Design
2.1 Study site description
The research is conducted in South African, in a
suburban area in Bedfordview (Figure 1), which falls
in the the Highveld Priority Area (HPA). The HPA is
an area of major air pollution concern in South Africa,
it covers 31 106 km2 (DEA, 2011). On most days, the
air quality exceeds the ambient air quality standards
of the country, and has been attributed to industrial
activities, biomass burning, mining and crossboundary pollution movement, and since 2012, an
exponential increase in vehicle traffic emissions
(DEA, 2011). Furthermore, Bedfordview has a lower
elevation then the general plateau region, ranging
from 1614 – 1666 meters above sea level (masl),
than the surrounding areas, allowing an inversion
layer to form; through local drainage winds at night
(i.e. A valley inversion traps air pollution close to the
ground surface, therefore exacerbating the
inhalation concentrations as well as potential
impacts) (Wallace et al., 2010).

Figure 1. Study area, as well as route used for
sample collection in Bedfordview (yellow lines).
Blue arrows indicate the direction of runners’
routes.

2.2 Methodological Design
The chosen methodology aimed to quantify and
compare the total ambient BTEX concentrations that
runners were exposed to during a specific run, at:
a)
Peak (07:00-08:00) versus off-peak traffic
(11:00-12:00) hours, and
b)
Weekdays versus weekends.
Volunteer runners, with prior ethical approval
(Ethical clearance number: GAES 2019-05-009),
were consulted for the duration of the sampling
campaign. Two runners per sampling session, were
attached with the GilAir 3 personal air samplers
(fitted with ORBO activated coconut charcoal glass
sorbent tubes – to quantify BTEX inhalation values)
and a Kestrel 5500 weather meter (to capture real
time meteorological conditions). During sampling the
runner carried the pump in a bag on their back the
open ORBO tube placed in their breathing zone so
as to have a sample value representative to the
inhaled value of the runner (Harper, 2000; Chertok
et al., 2004; Aydin et al., 2014; Noordin et al., 2018).
The route that was used (see Figure 1) was
chosen based on a number of key determining
factors. Traffic was one of the major considerations
towards the sampling route as the volume of traffic
experienced on the roads in urban areas can
influence the inhalation BTEX exposure of runners
(Han and Naeher, 2006; Truc and Oanh, 2007;
Hinwood et al., 2007; Hoque et al., 2008;
Vardoulakis et al., 2011; Alghamadi et al., 2014).
The control factor along the route was its length
being 5.5 km. This allowed the samples from
different volunteers, who all ran at different paces, to
be comparable and the results to represent an
overarching BTEX exposure for all runners in the
area, no matter their level of fitness or running
speed.
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Two runners were required for each sampling
campaign. Runners age, gender, smoking
preferences were not restrictive, as the important
factor was the route ran, and the exposure thereof,
and not the runners’ individualities itself.
The GilAir 3 pumps were calibrated. When
considering the average inhalation volume of
runners, Giles and Koehle (2014) demonstrate that
at exercise levels just prior to maximum rate
inhalation occurs at 35L.min-1. This is the point
where breathing switches from nasal to oral and the
health risks due to pollution inhalation increase as
there is no more nasal filtration occurring (Giles and
Koehle, 2014). By using the GilAir 3 pump, a flow
rate anywhere between 0.02 and 4L.min-1 was
possible and pumping was therefore not done at the
submaximal breathing rate of runners: 35L.min-1.
Rather a rate of 2L.min-1 was the flow rate used for
the sampling in this campaign (Rank et al., 2001;
Noordin et al., 2018). Sampling analysis was
handled at UIS Organic Laboratory (Laboratory
number T0419, aligned with ISO/IEC 17025 criteria).
As suggested by researchers (e.g. Hinwood et al.,
2007; Truc and Oanh, 2007; Hoque et al., 2008), one
blank sample per campaign was included in the
sampling analysis to validate results received.
The sampling set out here was conducted in the
winter period due to the increased presence of a
temperature inversion in this region due to the
continental high pressure cell over the interior of
South Africa (Zunckel et al., 2000; Van der Walt,
2008). These weather conditions are therefore
associated with elevated BTEX concentrations level
(Moolla et al., 2015b). The samples collected
therefore represent the higher brackets of
concentrations that runners are exposed to in the
region and represent the higher end of implications
and potential health risks associated with the route
and the roadside exercise occurring (Wallace et al.,
2010). The Kestrel measured air temperature, air
pressure and relative humidity at the start/end of the
run.
The sampling described above took place during
the following periods based on the periods of traffic
peaks Sampson (2017) identified for Gauteng as
being between 6:00 – 9:00 and 16:00 – 18:00 in the
week, as well as weekend having lower traffic
volumes than weeks with less defined peaks on the
weekend:
• Campaign 1: Between 7:00 and 8:00 on a
Wednesday morning,
• Campaign 2: Between 11:00 and 12:00 on a
Wednesday morning, and • Campaign 3 and 4: On a Sunday morning
between 8:00 and 9:00.
The weekend sampling not carried out at different
times as weekend traffic volumes tend to be more
consistent throughout the days meaning there are

less clear peak and off-peak traffic times (Sampson,
2017).

3. Results
3.1 Meteorological Conditions
The two week sampling campaign (28 July to 11
August 2018) was characterized by the following
meteorological conditions; mornings experienced
colder temperatures, ranging from 11.8 ºC to 20.0
ºC, as compared to midday temperatures of 21.7 ºC
to 23.3 ºC. Wind speeds experienced a high degree
of variation over the sampling campaign with the
highest values, 4.9 and 5.3 km.h-1, during the
weekday off-peak times. The most predominant
wind direction occurred as a north-westerly wind.

3.2 BTEX concentrations
When considering each BTEX compound,
(Figure 2) all concentrations ranged in the minimal
band of <0.5 µg.m-3, except toluene concentrations,
which ranged from < 0.4 µg.m-3 to 0.8 µg.m-3.
The highest concentrations of BTEX were
recorded during the week peak traffic period of 07:00
to 08:00 (Figure 2A), with the week off-peak traffic
period of 11:00 to 12:00 showing lower
concentrations of BTEX than the week peak traffic
period (Figure 2B). The weekend samples clearly
demonstrate values lower than those of the week
peak traffic times (Figure 2C). Overall toluene had
the highest sampled concentration of 0.8 µg.m-3
recorded and has consistently high concentrations
recorded throughout all sampling campaigns.
On further analyses of the sampled BTEX
concentrations; as compared to the South African
National- (SANS 1929, 2011) and the InternationalLimits (WHO, 2000) for BTEX; the recorded values
were converted to concentration per minute in two
different cases. First the concentrations were
calculated to a per minute value within the original
2L.min-1 flow rate used for sample collection
(Equation A) and secondly, the concentrations were
calculated per minute values in the context of a flow
rate of 35L.min-1 (which is identified as the
submaximal inhalation rate of runners where they
are placed at the highest risk for inhalation of
pollution) (Equation B) (Giles and Koehle, 2014).
Concentration per minute:
Concentration (in µg.m-3.min-1) =
(Sample concentration (in µg.m-3)) / time

Equation A

Concentration (in µg.m-3.min-1) = (Sample
concentration (in µg.m-3)) / time) x 17.5
Equation B
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Concentration (µg.m-3)

A

31-Jul

highlighted values), for all ambient toluene and
ethylbenzene values. The calculated values for m +
p –xylene concentrations however, did not exceed
these limits. Toluene had the highest recorded per
minute inhalation concentration, during the week
peak traffic period, of 3.17 x 10-1 µg.m-3.min-1. The
week off-peak traffic period experienced the lowest
inhalation concentration, with weekends having high
inhalation concentrations, both of which occurred
only in week one of sampling.

07-Aug

0,8
0,6
0,4
0,2

Concentration (µg.m-3)

B

31-Jul

0,8

o-Xylene

m+p-Xylene

Ethylbenzene

Toluene

Benzene

0

Table 1. Concentrations of samples collected by
runners A) Campaign 1, B) Campaign 2, and C)
Campaigns 3 and 4

07-Aug

Benzene

0,6

Ambient
concentratio
n per minute

0,4

0,2

31-Jul

C

28-Jul

0,8

Concentration (µg.m-3)

*

11-Aug

A

o-Xylene

m+p-Xylene

Ethylbenzene

Toluene

Benzene

0

07-Aug

31-Jul

*
B

0,6

07-Aug
0,4
0,2

28-Jul
C

o-Xylene

m+p-Xylene

Ethylbenzene

Toluene

Benzene

0

11-Aug

Toluene

Ethyl
benzene

2.56 x 10-

4.18 x 10-
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Figure 2. Concentrations of samples collected by
runners A) Campaign 1, B) Campaign 2, and C)
Campaigns 3 and 4.

4. Discussion

*All sample concentrations with a cross-hatched pattern
represent the day’s sample concentration being < 0.4
µg.m-3, due to the minimum sampling value of the UIS
organic laboratories equipment and SANAS registered
sampling methods.

The concentrations calculated for samples
taken at the 2L min-1 sampling rate, indicated that all
ambient concentration limits per minute specified in
national and international legislation were within
their respective limits.
When considering the concentrations
calculated for samples taken at the 35 L.min-1
sampling rate (Table 1), the following cases are
worth noting. The calculated concentrations (Yellow
highlighted numbers) exceeded the calculated
ambient concentration limits per minute specified in
national and international legislation (Green

The ambient BTEX concentrations recorded in
this study showed that BTEX concentrations
measured during the week peak traffic sampling
times (07:00 – 08:00) had higher values than those
ambient concentrations recorded at off peak week
times (11:00 – 12:00). The week peak traffic times
also had higher ambient concentrations when
compared to the weekends (08:00 – 09:00).
These high or low ambient concentrations can be
associated to both meteorological and vehicular
conditions for each sampling period as the higher
weekday peak-traffic sample concentrations aligned
with higher vehicle volumes on the road, and
therefore higher emissions, as well as colder
temperatures and lower wind speeds (Table 1). This
may have increased the entrapment of emissions
and little to no vertical or horizontal air motion to
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disperse the emissions (Tyson, 1963; Van der Walt,
2008).
On analysis of the weekend sampling campaigns,
concentrations revealed that the first weekend
samples (campaign 3) had higher values then the
next. This high weekend sample values of 0.5 µg.m3 and 0.4 µg.m-3 for toluene and ethylbenzene
respectively, could be attributed to the changes in
atmospheric pressure noted (i.e. a range of
842,54hPa to 954.23 hPa during the sampling
period). This high pressure cell over the surface can
therefore be attributed to trapping the smaller
concentrations of air pollution present during the
weekend and allowed for the collection of BTEX over
time rather than natural dispersion by valley winds
(Tyson, 1963).
When considering benzene exposure on the other
hand, the presence of the compound in the lower
atmosphere, no matter how small the concentration,
is associated with harmful impacts on human health,
due to the carcinogenic nature of benzene being
harmful over long periods of exposure or many
shorter periods of exposure combined (WHO, 2012).
The sampling periods of this sampling campaign
revealed continual concentrations for benzene no
matter the day or time of sampling. Thus, the
recorded value of a presence of benzene (< 0.4
µg.m-3)
exceeds
the
recommended
zero
concentration from the WHO, and needs to be
considered by the runners in terms of potential longterm exposure (Moolla et al., 2015b).
The toluene values, which were the highest of all
BTEX compounds recorded during this sampling
campaign, supports the findings of all the major
South African BTEX concentration studies. Most
South African research papers recorded the toluene
concentrations as the highest or second highest
BTEX compound concentration in their research, no
matter the context of the study such as landfills, the
Highveld of South Africa, personal exposure or even
a city’s overall ambient levels (Lourens et al., 2011;
Moolla et al., 2013; Moolla et al., 2015a; Moolla et
al., 2015b; Moraikinyo et al., 2017; Roffe et al., 2017;
Everson et al., 2019).
When comparing all results found in the sample
campaign to a global scale, research focuses on
cyclists more dominantly than runners, yet Carlisle
and Sharp (2011) proposed that the results
attributed to cyclists could be attributed to runners
due to the similar environment and ventilation
changes. Therefore, this global comparison was
able to demonstrate that toluene concentrations
were still the highest BTEX component recorded in
global contexts such as Copenhagen, Vietnam and
India, and that the results of this campaign fell into
that similar pattern (Rank et al., 2011; Truc and
Oanh, 2007; Hoque et al., 2008). The presence of
ambient benzene atmospheres also correlates to
this campaigns results, such that urban

atmospheres experience the highest benzene
levels, when compared to rural or green
environments, with particularly high values in
relation to industrial activities and high traffic roads
as seen in the 123 µg.m-3 and 65 µg.m-3 benzene
levels respectively found in Hanoi Vietnam (Truc and
Oanh, 2007). These benzene levels are correlated
to higher carcinogenic and central nervous system
risks for athletes practicing in outdoor environments.
Overall, the results demonstrate that the
Bedfordview area has ambient BTEX concentrations
that follow similar temporal patterns as well as
individual compound patterns when compared to
both national and international studies and warrants
a more in-depth comparison of the implications
linked to them. It can also be seen that runners are
placing themselves at potential risk of health impacts
due to the concentrations of BTEX recorded and
associated to a 35L.min-1 inhalation rate.

5. Conclusions
Overall, this research has found that the higher
BTEX values occurred during peak traffic times in
the weekday and not at the off-peak traffic times in
the weekday and the weekend sampling campaigns.
The most abundant BTEX compound in all samples
collected was toluene, which aligns with both
national and international studies that demonstrated
toluene as more dominant than the other BTEX
compounds. Benzene was detected in all the
ambient samples collected and is considered a risk
due to its carcinogenic nature, therefore its presence
in the sample results leads to the understanding of
high risks associated with running on the main roads
of Bedfordview.
When analysing the sample concentrations
recorded in comparison to national and international
inhalation limits the research indicated that runners
expose themselves to higher toluene and
ethylbenzene concentrations than the limits allow,
when breathing at a rate of 35L.min-1, yet the
runners aren’t at risk for any BTEX compound effects
when breathing at a rate of 2L.min-1. Therefore,
there is a clear link between inhalation rate and
potential health risks when studying athletes.
As a pilot study, this research provides a platform
for many future research avenues. Some of these
include comparing back roads; main roads; and
natural or park environments; and traffic related
exposures; to understand which environment is
safer in terms inhalation related exposure to
pollution.
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The impacts of dust fallout and PM10 ground level concentrations were investigated in
this study due to the fact that a community located in the West Wits Basin, in Gauteng;
near tailings storage facilities; had been complaining about dust, mostly during the windy
season of July to October. The residents of this community started complaining
immediately after a gold mining company suddenly closed due to being placed under
provisional liquidation. In this study, the ability of Geostatistical techniques to assess
local ambient air quality was investigated during the mine liquidation period. Geostatistics
uses the theory of regionalized variables, that of producing the best estimation of the
unknown value at some location within an area. Furthermore, dispersion modelling
results from a previous study of the same site undertaken for the period of 2013 - 2017
were used to establish the extent of impacts from windblown dust. The results from the
Kriging Interpolation were compared with the AERMOD model simulations of 2013-2017.
In conclusion, this study found that Geostatistical techniques use statistics properties of
dust samples to predict the probability of exceedance through interpolation maps,
making it possible to visually assess the risk of population exposure to dust fallout and
PM10. It was identified from the variation maps that at TSF6 there is an estimated 32 %
chance of exceedance of the 40 µg/m3 NAAQS as shown by the indicator kriging.
Furthermore, this study finds that there is a 54 % chance of exceedance of the 40 µg/m3
NAAQS around the area of TSF1. This study concludes that the use of geostatistics adds
value to local scale air quality assessment for improved decision making for tailings
storage facilities management.
Keywords: geostatistics, PM10, dust fallout, community, tailings storage facilities, kriging

1. Introduction
Atmospheric pollutants such as PM10 are one of
the foremost environmental concerns for developing
and developed countries due to their adverse effects
on air quality and human health which could be acute
and/or chronic (Yang et al. 2004, Afroz and Hassan
2003, Hassan and Abdullahi 2012, Giri et al. 2008).
In gold mine districts, Tailings Storage Facilities
(TSFs) are significant sources of windblown dust
fallout and particulate matter which cause pollution
and serious health problems, including respiratory
illness. Pollution of the atmospheric environment by
particulate pollutants has been linked to numerous
health concerns which can worsen respiratory and
cardiovascular diseases (Bhuyan et al. 2010, Norris
et al. 1999, Pope 2000, Samet et al. 2000, Ong
1991); and reduction in growth of plant yield
(Prajapati 2008). According to Kim et al. (2006)
pollution by dust includes deformation of the

aesthetics of the environment and distortion as well
as reduction of people visibility. In the Witwatersrand
Basin gold TSFs contain heavy metals such as Zn,
Pb, Cu, Co, Cd, As and radioactive uranium (Rosner
and van Schalkwyk 2000). Millions of tons of
processed and crushed rock have been deposited
as mine waste dumps or tailings storage facilities.
The heavy metals are associated with neurological,
cardiovascular and respiratory illness and uranium is
largely associated with kidney damage (Centre for
Disease Control in the USA 2012). Nkosi (2018)
reports that communities near TSFs are susceptible
to higher levels of asthma, pneumonia, emphysema,
chronic bronchitis, wheeze and chronic cough.
Morton (2018) further emphasises that the proximity
of people to mine dumps means their health is
compromised.
The problem of particulate matter in the
atmospheric environment is a serious concern for
communities near unrehabilitated TSFs. The Bench
Marks Foundation (2017) conducted a study on
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TSFs impacts on communities in Gauteng; viz
Riverlea, Diepkloof, Meadowlands and Doornkop (in
Snake Park) as focus communities. The study noted
that the people in these communities stated that dust
downwind from mining activities are a constant
threat to their health and wellbeing particularly
during the windy season.
Sun et al. (2000) proposed a spatial predictive
distribution for the space and time response of PM10
concentrations in Vancouver, Canada. Kibria et al.
(2002) developed a Bayesian multivariate
methodology for spatial predictions of PM2.5 in the
city of Philadephia. Spatio-temporal models have
been used for calibration of PM10 measurements
(Cocchi et al. 2006). In air pollution studies, the
dispersion models are used to predict and estimate
the concentrations of one or more species within the
space and time relevant to the dependent variables.
Modeling enables the assessment of current as well
as future air quality to make informed policy
decisions (Federal Republic of Nigeria 2006, Ibe
2016, Odeyemi and Ogunseitan 1985, Nigeria
National Petroleum Corporation 1984).
This study investigates the application of
geostatistical techniques to assess the impacts of
dust fallout and PM10 concentration from the
surrounding TSFs to the nearby gold mine
community. The variation maps from the
geostatistical techniques within a GIS environment
are compared with the AERMOD model simulations
by Mpanza et al. (2020). The main aim of the study
is therefore to highlight the importance of conducting
a geostatistical analysis shortly after a mining
company is liquidated, to assess air quality in the
surrounding area. It further indicates the
effectiveness of the methodological approach to
provide
timely
decision-making
in
future
applications; in order to protect surrounding
communities after sudden mine closure.

1.1 Background
Sudden mine closure due to mine liquidation is a
situation observed in some South African gold mines
to exacerbate environmental challenges. Sudden
mine closure is defined by the International Council
on Mining and Metallurgy (2019) as closure of mining
and processing before the operation’s scheduled
time. In a gold mine village situated near operations
of a liquidated gold mining company in the West
Witwatersrand Basin, windblown dust was perceived
by residents to be a nuisance as well as a health and
socio economic threat (Mpanza et al. 2020).
Dispersion modelling was undertaken in the gold
mine village for the mine liquidation period (20132017) to assess the impacts of dust fallout and PM10.
The modelled results revealed that the impacts of
dust fallout and PM10 concentration emanating from
TSFs pose threats to the surrounding gold mine
village residents, largely in the short term (hourly

time scale) (Mpanza et al. 2020). In the long term
(annual time scale), impacts of dust fallout and PM10
concentration were found to be in compliance with
the National Dust Regulations Control (NDCR) and
the National Ambient Air Quality Standards
(NAAQS) respectively (Mpanza et al. 2020). The
mining industry has in the past implemented various
strategies to reduce pollution from mine dumps. This
has included spraying mine dumps with water and
rehabilitating areas by planting grass, which the
roots prevent the dust from being airborne. But these
strategies have often been ineffective; as the grass
withers during the dry season; and sprayed water is
rapidly absorbed or evaporated. Other strategies
included the Chamber of Mines (now known as the
Minerals Council South Africa) setting a guideline
that tailings dumps should maintain a buffer zone of
500 m from human settlements, which is not adhered
to in most cases. The strategies prove even more
inefficient when a mine closes suddenly, since the
mining company becomes unavailable for dust
control and to maintain the buffer zones.

2. Methods
2.1 Study site
There are eight tailings storage facilities used as
area sources in the air quality assessment of the
study area. The study site is located 6 km south west
of Carletonville town in Gauteng. The surrounding
community is located less than 100 m away from
TSF6 and TSF7 (see Figure 1). The TSFs included
in the air quality assessment are TSF1, Doornfontein
1, Doornfontein 2, Doornfontein 3, TSF6, TSF7,
Savuka 5 and Savuka 7, as these are TSFs in the
vicinity of the gold mine village community.
According to the Environmental Management Plan
update of 2007 (EMP) in 2016 the population size at
the gold mine village was 4, 313 people (Golder
Associates 2016). Figure 1 is a map of the study
area showing all the tailings storage facilities
included in this study.
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Figure 1. Tailings location relative to the gold mine
village community housing

2.2 Geostatistical applications
Geostatistics, though used in various disciplines,
is commonly applied in meteorological and
geological applications. Matheron (1963) defines
geostatistics as “the application of the formalism of
random functions to the reconnaissance and
estimation of natural phenomena”. A dust sample for
example, is a regionalized variable because it is
distributed throughout a space. The variogram
function describes the variability of the samples
throughout that space. Using a technique called
kriging, samples and the variogram functions can be
used to estimate the mean dust fallout and PM10
concentration of an area. The kriging technique is
known as best linear unbiased estimator of a
variable (Krige 1951). Techniques such as
conditional simulation provide better estimates than
kriging (Govaerts 2001, Delbari et al. 2009). The
kriging technique has a measure of prediction
uncertainty, allowing the determination of the degree
of prediction accuracy. The methodological
approach is schematically represented in Figure 2.
During the kriging process the sample is assigned
a sample weight. The weighted samples are linearly
combined to give the best estimate. It is referred to
as ‘the best estimate’ because the process
minimises the expected error between the estimated
variable and the true variable. The sample weights
are calculated such that the variance of the estimate
is minimised. The variance is calculated using the
sample positions and the variogram function. The
variogram function uses the distance and direction
separating two locations of samples, to quantify the
spatial correlation in the data. The semivariogram
parameters are then used to define the weights in
the kriging system that determines the contribution
of each sample to the prediction of new values
(Krivoruchko n.d.).

The dustfallout and PM10 concentration data was
supplied by a nearby Gold Mining Company for the
period of 2013-2017. There has been a dust
monitoring network by the company since 2004. The
dust fallout and PM10 were monitored using the unit
design and methodology based on the ASTM D1739
standard using dust buckets and a PM10 monitor
respectively. The period 2013-2017 coincides with
the mine liquidation period, where there was no
active mining near the gold mine village. According
to Dennis et al. (2009) and Kang et al. (2007), the
criteria for evaluating regional air quality models
should be scale dependent relative to the context in
which the model is applied.
In this study the dust fallout and PM10 data were
statistically analysed to assess whether the data
were Gaussian plumes, stationary sources and/or
dependent emissions. Kriging techniques are best
applied on spatially dependent and gaussian data
sets, if not the data must be transformed to be close
to this type of distribution (Krivoruchko n.d).
The statistical analysis assisted in selecting the
appropriate kriging technique. The kriging
interpolation was conducted in ArcMap (version
10.6.1) using Geostatistical Analyst extension to
produce maps for visualisation of dustfallout and
PM10 impacts in the study area. Statistical analysis
involved calculating mean and standard deviation
values of dustfall out and PM10 concentration for the
study period.
For the dustfall out and PM10 concentrations,
semivariogram yielding the minimum error was
constructed in the Geostatistical Analyst extension
(see Appendix A). For the dustfallout the exponential
semivariogram was selected. While, PM10 daily
concentration, the stable semivariogram was used
and for PM10 annual concentration variable the
spherical model was used. These semi variograms
were selected as they displayed the strongest spatial
depence and the lowest nugget effect value for each
of the variables investigated (see Appendix A).
In this study Ordinary Kriging was used to
estimate the dust fallout and PM10 concentration in
the study area; while Indicator Kriging was used to
show the probability of exceedance for these
variables. A prediction map was created from the
gridded PM10 daily and annual concentration
average dataset (due to all TSFs sources) using
Ordinary Kriging. Indicator Kriging was further used
to plot contours of probability that the daily limit value
(75 µg/m3) was exceeded on one or more days
within one year, and overlain with the prediction map
.The contours of probability that the annual PM10
concentration limit value (40 µg/m3) is exceeded was
also overlain with the prediction map. The prediction
and probability contours in Figure 4-6 were
compared with the AERMOD simulations produced
in the gold mine village baseline assessment.
Indicator Kriging defines indicator values for each
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location as zero if the data value is below the
threshold and one if it is above. The indicator value
was used as an input variable in the ordinary kriging,
which produces continuous predictions. This type of
kriging groups the data into classes. Indicator kriging
transforms data into 1s (ones) and 0s (zeros),
depending on whether the grid estimate exceeds the
threshold limit or not, and then uses a semivariogram
model calculated from the transformed dataset to
predict probabilities (ranging from 0 to 1, i.e. least
probable to most probable) of the threshold limit
value being exceeded on one or more days
throughout the year. The predictions are presented
as the probability that the threshold is exceeded at a
location, for example a prediction equal to 0.82 is
equivalent to 82% chance that the threshold is
exceeded.

Figure 3. Descriptive Statistics of dust fallout and
PM10 concentration

3.1 Dust fallout
Figure 2. Process flow for the research methodology

3. Results
Local meteorological data was used to investigate
the wind pattern. North easterly winds were
prevalent in the study area. In the meteorological
reports, long term records also show that the
prevailing wind direction is north easterly, owing to
the topography of the region (DRDGOLD, 2007).
The average wind speeds of 2.94 m/s and rainfall of
67 mm/month were observed in the area (Appendix
A Table1). Figure 3 shows the statistical summary of
the dust fallout and PM10 concentration data in the
study area. The dust fallout and PM10 concentration
are both positively skewed with mean values of 70
mg/m2/day and 73 µg/m3 respectively. The dust
fallout ranges from 0-2112 mg/m2/day while the PM10
concentration ranges from 0-2044 µg/m3.

The ordinary kriging map confirms that the dust is
blown, in the North Easterly to South Westerly
direction. Kriging has provided a continuous surface,
with implications that impacts from TSF1 extend
across towards the gold mine village. While the
AERMOD model provided a conservative estimate
showing dustfall to range from 60-600 mg/m2/day,
the kriging technique shows dustfall to range from
0.90 to 2112 mg/m2/day. Indicator Kriging at TSF6
suggests that there is an 82 % chance of
exceedance of the 600 mg/m2/day dust fallout
standard. In TSF 1 there is a 45 % chance of
exceedance of the 600 mg/m2/day dustfall standard.
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a)

a)

b)

b)
Figure 4. Monthly Dust fall based on the
TSFs a) modelled by AERMOD and b) by Kriging

3.2 PM10 daily concentrations
The highest daily PM10 concentration over the five
years AERMOD simulation from Mpanza et al.
(2020) and spatial variation map are presented in
Figure 5. A similar trend is shown by both the
AERMOD simulation and the kriging variation map.
Moreover the indicator kriging suggests that there is
a 98 % chance of the 75 µg/m3 National
Environmental Management: Air Quality Act:
National ambient air quality standards (NAAQS)
being exceeded around the area of TSF1. It appears
as though the TSF1 material underwent hyper
milling during the gold processing as this TSF has
very fine material with 93 % of the particle size less
than 10 µm.

Figure 5. PM10 Daily simulations and spatial variation
map a) modelled by AERMOD and b) by Kriging
What is observed from both the AERMOD
simulation and the kriging variation map is that PM10
concentration decreases from the top surface of
TSF1 towards the community. A similar trend is
observed for TSF6 and Savuka 7 and 5 where the
PM10 concentration is decreasing away from the
source. In a dust study conducted in 2016 at the gold
mine village, PM10 daily concentration limit was
exceeded three times over a period of 29 days
during the windy season (LHR 2017). The National
Air Quality Standard allows for four exceedances
annually, the concern here however is that three
exceedance over a month can likely result in overall
non-compliance within a year. The 2016 study
accords with findings of this assessment, where
PM10 concentration exceedances of the 75 µg/m3
NAAQS occurred around the area of TSF1 in the
short term (LHR 2017). This corroborates with Sun
et al. (2019) stating that the characteristics of dust
storms is sudden occurrence for a short duration.
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3.3 PM10 Annual concentrations
The annual PM10 concentration AERMOD
simulation and spatial variation maps are presented
in Figure 6. The AERMOD simulation shows
possible exceedances of the NAAQS at TSF 1 only.
The kriging variation map is different showing more
variability in ground level concentration observed at
TSF1 grading down towards TSF6 and Savuka 7.
Furthermore, the Indicator Kriging suggests that
there is a 54 % chance of exceedance of the 40
µg/m3 NAAQS around the area of TSF1. The
exceedance can occur during high wind speeds
greater than 9 ms-1 where wind erosion of exposed
tailings surfaces can be enhanced. At TSF6 there is
an estimated 32 % chance of exceedance of the 40
µg/m3 NAAQS as shown by the Indicator Kriging.

a)

b)

Figure 6. PM10 Daily simulations and
spatial variation map a) modelled by AERMOD and b)
by Kriging

4. Discussion
The scale at which air quality assessments are
conducted is crucial. It is possible that when regional

scale data is used an averaged value may be
obtained in a residential area, while in actual fact the
local scale dust fallout or PM10 concentration are not
within compliance. It is thus important to conduct
spatial prediction or mapping of smaller areas within
a larger area (Cressie et al. 1999). According to
Bornman et al. (2010) visualisation of local
population exposure risk are deemed to be more
useful to air quality management than reporting a
global estimate of the number of people living within
non-compliance areas. The dust can be transported
as far as 20 km away from the pollution source
(Stassen 2015), but the level of detail in the local
scale prediction maps makes it possible to identify
specific places where intervention measures should
be prioritised, for example where the likelihood of
exceedance is, as shown in Figure 4, 5 and Figure 6
using Indicator Kriging. In this study immediate
interventions need to be undertaken at TS6, TSF1,
and Savuka 7. Von Holdt et al. (2019), suggests that
the scale at which dust emission processes are
investigated has a marked influence on the spatial
representation of emission variability. Furthermore,
small‐scale studies allow quantification of dust
emission from specific landforms and the
combination of surfaces within these landforms (von
Holdt et al. 2019).
Particulate matter and dust fallout from the
perspective of public health seem to be significant air
pollutants. Concerns of dust fallout and fine
particulate matter pollution are commonly
increasing in communities near gold mine TSFs
due to potentially harmful effects on the human
health and the environment (Nkosi et al. 2014;
Liefferink 2012). The challenge of dust impacts with
surrounding mining communities is not unique to
South Africa, even in Spain similar challenges are
experienced. Fernández-Navarro et al. (2012) found
excess mortality rates for general populations in a 5
km zone around mining TSFs in Spain related to
colorectal cancer; lung cancer; bladder cancer and
leukemia; thyroid, gallbladder and liver cancers;
brain cancer; stomach cancer; and myeloma. The
results suggested an association between risk of
dying due to digestive, respiratory, hematologic and
thyroid cancers and proximity to Spanish mining
industries. Estimating the impacts of such pollutants
at local scale provides for detail in the decision
making process by local air quality authorities and
for urgent action to be taken. In this study it is
indicated that intervention measures for dust
suppression need to be taken at TSF1 and TSF6
first, followed by Savuka 5 and Savuka 7.
The National Environmental Management: Air
Quality Act (Act 39 of 2004) (AQA), approach of air
quality management is more receptor based control
than source based control. This is proving to be a
challenge as the approach is more reactive than it is
proactive in dealing with air pollution impacts. The
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AQA’s objectives are to give effect to Section 24 of
the South African National Constitution, protect the
environment through reasonable legislation and
measures that prevent pollution and ecological
degradation. The AQA places the overall
responsibility on municipalities for effective air
quality management and air pollution control in
South Africa. Local air quality authorities are
responsible for the characterisation of baseline air
quality, the management and operation of ambient
air quality monitoring networks, the licensing of listed
activities and the development of emission reduction
strategies within their municipality. Interpolation
methods such as kriging can provide local air quality
authorities with tools to develop Air Quality
Management Plans (AQMPs) as part of their
integrated implementation plans.
Furthermore, such techniques assist in
identifying, visualising potential local risk zones and
thus focus financial resources for strategic
remediation. The complication exists when the
zoning of a community is classified to belong to
mining and thus municipalities are not responsible
for the area. The challenges come when a mining
company closes suddenly without having
rehabilitated TSFs which later become source of air
pollution, which was the case at the gold mine
village. The municipality could not assist with any
rehabilitation interventions since the mine village
belonged to the liquidated mining company.
The Department of Environment, Forestry and
Fisheries (DEFF) issued National dust control
regulations in 1 November 2013 (Appendix A Table
1). The purpose of the regulations is to prescribe
general measures for the control of dust in all areas.
The regulations prohibits activities which give rise to
dust in such quantities and concentrations that the
dust fall at the boundary or beyond the boundary of
the premises where it originates. The frequency of
exceedance of dust fallout rates that are permitted
per site is two within a year (not two sequential
months). Should the site fall within a residential area,
it is required that the dust fallout rates do not exceed
600 mg/m2/day more than twice (no sequential
months) within a calendar year measured using
reference method ASTM D1739. Should the site be
classified as non-residential then it is required that
the dust fallout rates do not exceed 1200 mg/m2/day
more than twice (no two sequential months) in a year
in order to comply with the South African National
Dust Fallout Regulations (2013). It is concerning that
indicator kriging suggests an 82 % chance of
exceedance of the 600 mg/m2/day dustfall out
standard at TSF6, located less than 100 m away
from the gold mine village
People are mainly exposed to dust via inhalation.
Larger dust particles tend to deposit in the nasal
region while much finer particles can penetrate
deeper into the lungs. Chronic exposure to dust

particles can cause several respiratory problems
such as excessive coughing, throat and lung
irritations, tight chest, sinusitis and bronchitis (Nkosi
et al. 2014).It is imperative that dust suppression
measures be taken at TSF6 and TSF1 to minimise
the risk of respiratory illnesses to the nearby
residents.
Particles smaller than 10 µm (PM10), include small
liquid droplets and solid particles that can easily be
inhaled deeply (Huang et al. 2015).Once threshold
PM concentration levels exceed over prolonged
periods, particulate matter can trigger disturbances
and respiratory illnesses (Ubuoh and Akhinbare
2011). Inflammation of the eyes, lungs, and the skin
are other adverse effects of personal PM exposure
(Okoro et al. 2014). In the same study area the
nurses at the local clinic confirmed increased cases
of respiratory illnesses during the mine liquidation
period, stating cough as a common illness amongst
the residents (Mpanza et al. 2020). Prior to mine
liquidation there were fewer cases of respiratory
illnesses treated from the residents in the gold mine
village. This further suggest the impact of dust from
tailings storage facilities to the surrounding
community.
Interpolation methods have been well developed
to estimate values at unknown locations based up on
values spatially sampled in the Arc Map software.
They are characterized as either deterministic or
stochastic depending on using statistical properties
(Mohammed and Caleb 2014). It can be observed
from this analysis that the estimates of AERMOD
and kriging appear to be similar for short term scale
while in the long term kriging appears to over smooth
the data. Kriging therefore appears to be suitable to
represent spatial variability of dust fallout and PM10
concentration in the short term (daily and monthly
data).

5. Conclusion
The use of kriging interpolation maps to visualise
and evaluate local scale air quality cannot be over
emphasised. The kriging technique appears to over
smooth (averaging) the real picture when compared
to the AERMOD model. Kriging provides a fast
indication of areas of high risk areas needing urgent
attention by showing probabilities of NDCR and
NAAQS being exceeded. It is recommended that the
local air quality authorities use kriging techniques for
the improvement of their AQMPs. This study
concludes that both AERMOD simulation and kriging
variation maps suggested a similar occurrence of the
impacts of wind-blown dust in the study site.
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Appendix A
Figure 1 Wind Rose Diagram and meteorological Parameters….
Parameter
Period
from Wind Rose Diagram
January 2012 to January
2017
Wind Direction
Wind Speed
Precipitation
Relative
Humidity
Atmospheric
Stability
Solar Radiation
Receptor Grid
Temperature

N; NE
2.94 m/s
67 mm
54%-71%
Fairly
neutral
283
7.5 km x 7.5
km
10-23⁰C

Semivariograms
Figure 2: Semivariogram models selected in the study for Dust Fallout, PM10 Annual and PM10 Daily

Table 1 National Dust Control Regulation. 2013
Restriction
Dustfall rate (mg/m2/day, 30
Areas
days average)
Residential area
D < 600
Non-residential
600 < D < 1200
area

Permitted frequency of exceeding dust fall rate
Two within a year, not sequential months.
Two within a year, not sequential months.

Table 2 National Ambient Air Quality Standard for Particulate Matter (PM10).
Averaging
Period

Concentration

Frequency
Exceedance

24 hours

120 µg/m3

4

Immediate-31 December 2014

24 hours

75 µg/m3

4

1 January 2015

50

µg/m3

0

Immediate-31 December 2014

40

µg/m3

0

1 January 2015

1 year
1 year

of
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Ambient air quality has been gradually deteriorating over the years and has become a
major environmental concern locally and globally due to both natural and human
activities that introduce pollutants into the atmosphere. In South Africa, local ambient air
pollution has become a major concern due to negative health impacts which mostly
affects the poorer communities that are residing close to industries. As a response to the
damage from air pollution, the South African government has been developing
interventions that include legal, technical, and socio-economic measures implementable
within a tailored system of air quality management over the years as part of the mitigation
actions towards alleviating air pollution. Some of these air quality governance and
management measures dates as far back from the Atmospheric Pollution Prevention Act
no. 45 of 1965 (APPA) which transitioned to the National Environmental Management
Air Quality Act No. 39 of 2004 (NEM: AQA). Environmental management instruments are
classified into four general approaches which are a) Command and Control-based
instruments, b) incentive and disincentive or fiscal-based instruments, c) agreementbased instruments and d) civil-based instruments. This paper provides a review of the
different instruments relating to air quality governance and management in South Africa
and how they fit into the four environmental management approaches
Keywords: Air Pollution, Air Quality, Governance, Approaches, Instruments,
Environmental Management, Conceptualise, Command and Control (CaC), fiscalbased, civil-based, agreement-based.

1. Introduction
Ambient air quality has been gradually
deteriorating over the years and has become a major
environmental concern locally and globally due to
both natural and human activities that introduce
pollutants into the atmosphere (Sinha, 2018). In
South Africa, local ambient air pollution has become
a major concern due to negative health impacts
which mostly affects the poorer communities that are
residing close to industries (Dugard and Alcaro,
2013).
As a response to the damage caused by air
pollution, governments have been working with
research institutions to introduce efficient controlling
policies (Ma et al. 2019). The South African
government has particularly been developing and
implementing governing policies and legislations
which dates as far back as the 1960s as a means to
manage activities that contribute to air pollution. In
addition, as part of the climate change mitigation
strategy, the government has vowed to undertake
mitigation actions which will result in a deviation

below the current emissions baseline of ~ 34% by
2020 and by ~ 42% by 2025. These governing
instruments including policies are developed to
influence various phases of decision-making relating
to air quality matters (Emilson et al. 2004).
One of the challenges in South Africa is that
despite having a wealth of existing instruments
relating to air quality governance, there has not been
a clear understanding of the conceptualization of
these instruments within the broader environmental
management approaches.
This paper therefore aims to identify and
conceptualise air quality governance and/or
management instruments in South Africa. This
paper, however, does not discuss the strengths,
weaknesses, and the application of each instrument
concerning air quality management performance but
it focuses mainly conceptualising these instruments
into the broad Environmental management
approaches in South Africa.
The identification of the instruments was achieved
by conducting a literature review, policy review and
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legal analysis, and review of book chapters and
journals. The broad environmental management
approaches were then used in conceptualizing the
identified air quality governance instruments (figure
1).

2. Environmental Management
Approaches
According to Nel and Alberts, (2018) the air quality
governance and management instruments may be
classified into four environmental management
approaches: a) Command and Control-based
instruments (CaC), b) incentive and disincentive or
fiscal-based instruments, c) agreement-based
instruments and d) civil-based instruments (see
figure 1). Between these approaches exist several
hybrid approaches which are discussed later in this
paper. All these instruments are employed by both
government and private sector to achieve
environmental goals and sustainable development.

Fiscal / Market
Based

B

an environment that is not harmful to their health or
well-being.
The
National
Environmental
Management Act (NEMA) is the next level
framework legislation after the Constitution with the
purpose to provide cooperative environmental
governance as well as defining the principles for
decision-making
on
matters
affecting
the
environment. NEMA provides that reasonable
legislative (CaC) and other measures (Fiscal, civil &
agreements)
be
implemented
to
address
environmental issues including air quality matters.
Other pieces of legislation that are directly or
indirectly linked to the management of air quality are
listed in the 2017 National Framework for Air Quality
Management in The Republic of South Africa.

Civil-Based

D
A

A = Fiscal / CaC hybrid
B = Fiscal / Civil Hybrid
C = Civil / CaC Hybrid
D = Fiscal / Civil / CaC Hybrid

C

Command and Control
(CaC) Based

Voluntary/ Agreement Based

Figure 1. This figure shows the different environmental
management approaches in South Africa including their
different hybrid approaches (A-D).

3. Command and Control-based approach
Command and Control (CaC) instruments are
tools in environmental management in which
regulations,
legislation,
and
environmental
standards are set to achieve environmental goals
(Kostka, 2016). These laws and regulations are set
by governmental authorities to regulate the social
and developmental factors within the environment to
minimize the impacts on the receiving environment
(Malloy, 2010). Command and Control (CaC)
instruments manage industries by upholding all
companies to the same environmental laws and thus
often face criticism from various industries and are
described as inflexible due to its strict regulations to
achieve developmental goals (Stavins, 2000). The
CaC instruments dealing with air quality in South
Africa emanate from different pieces of legislation
within the South African legal framework (see figure
2) starting from section 24 of the Constitution of the
Republic of South Africa which is the supreme law in
the country that informs all other legislations. The
constitution makes provision for the citizen’s rights of

Figure 2. South African air quality legal framework
which provides for regulatory tools which include strong
top-down measures that enforce strict compliance to legal
requirements.
Some of the CaC instruments originated from the
Atmospheric Pollution Prevention Act no. 45 of 1965
(APPA) which made provisions to control only
certain industrial processes (Scogie 2012). The
APPA then transitioned to the National
Environmental Management Air Quality Act No. 39
of 2004 (NEM: AQA) which is a sector-specific
legislation for managing and governing air quality
that needs to be efficiently and effectively
implemented by all relevant spheres of government
in dealing with air quality-related issues. NEM: AQA
consists of nine chapters which provides several
governance instruments or measures that were not
previously legislated in the APPA such as ambient
air quality standards (also see figure 3) (Naiker et al.
2012).
The main objective of NEM: AQA is to “To protect
the environment by providing reasonable measures
for the protection and enhancement of the quality of
air; the prevention of air pollution and ecological
degradation; and securing ecologically sustainable
development while promoting justifiable economic
and social development, and to give effect to section
24(b) of the Constitution”.
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NEM: AQA as a CaC instrument is divided into
nine chapters (Ruble et al. 2018):
a)
Chapter 1 (ss. 1-6) which deals with the
interpretation of the Act and fundamental principles
underpinning is;
b)
Chapter 2 (ss. 7-12) which is comprised of
three parts and provides for a national air-quality
framework and national, provincial, and local
standards;
c)
Chapter 3 (ss. 3-17) deals with institutional
and planning matters;
d)
Chapter 4 (ss. 18-35) deals with air-quality
management measures;
e)
Chapter 5 (ss. 36-45) deals with the
licensing of listed activities;
f)
Chapter 6 (s 50) deals with international air
quality management;
g)
Chapter 7 (ss. 51-52) deals with offenses
and penalties;
h)
Chapter 8 (ss. 53-57) deals with general
matters, and
i)
Chapter 9 (ss. 60-64) deals with
miscellaneous matters.
Air Quality Management
Measures:

The National Framework
for Air Quality Management

Priority areas

Licensing: AEL & EIA
Controlled fuels and
controlled emitters

Command and Control (CaC)
Based
NEM:AQA

Measures relating to dust, noise
and odours

Atmospheric impact reports

National Ambient Air Quality
Standards
Pollution prevention plans
(i.e air quality management
planning)

Post 2020: carbon budgets &
Sectoral Emission Targets (SETs)

Figure 3. The Command and Control (CaC)
instruments are stipulated in NEM: AQA.

4. Fiscal-based approach
The fiscal-based instruments also known as
market-based instruments focus more on the
economic
perspective
of
environmental
management and entails using taxes, subsidies, and
permits to regulate organizations and the general
public’s activities and impacts on the environment
(Pirard, 2012; Wessesls and Mkhari, 2007). These
instruments attach economic value to environmental
services which encourages organizations and
consumers to consider more environmentally
friendly and cost-effective measures in their
operations and products (Munda et al. 1994;
Stavins, 2010). Previous studies have shown that
companies are more willing to partake in
environmental initiatives to achieve their goals
regarding this approach and are willing to alter
certain aspects of the business to meet these goals
(Frondel et al. 2008). The fiscal based instruments
are more flexible than the traditional CaC
instruments in that they provide organizations and

individuals
with
financial
incentives
and
disincentives which then encourages them to
behave in an environmentally responsible manner
(Toxopeüs and Kotzé, 2017). This approach does
however also receive a lot of criticism due to
environmental services not necessarily matching the
economic value which is attached to them in taxes
and subsidies (Pirard, 2012).
Generally, any country’s market (particularly
concerning environmental goods and services) can
be subjected to failure at any given time which
usually leads to the inconsideration of environmental
issues in everyday market activities (National
Treasury 2006). Under such circumstances, the
South African government has developed several
intervening environmental policies in an attempt to
correct for environmental market failures which are
dominated by regulatory instruments such as
standards, bans on the use of certain goods or
technologies, liability payments (such as the mining
rehabilitation fund) and non-tradable permit
systems. Similar to other approaches, there aren't
many of the fiscal-based instruments existing that
are used as stand-alone instruments that are applied
on their own and not in association with others.
However, a few of these stand-alone instruments
include projects such as the Clean Development
Mechanism (CDM) and Green Infrastructure projects
which aim to reduce emissions in developing cities
and encouraging green building developments
respectively. Many of the fiscal-based instruments
come in a hybrid form with other instruments in which
most of these occur in the form of a fiscal-command
& control hybrid approach.

5. Civil-based approach
Civil-based instruments are tools that are used to
empower civil society to become key stakeholders in
environmental governance by getting them involved
in becoming active participants in the decisions that
may impact the environment and people’s health
and well-being (Toxopeüs and Kotzé, 2017).
Toxopeüs and Kotzé, (2017) further allude to that
civil-based instruments enable society particularly
the disadvantaged of the affected people from
environmental injustice to be allowed to raise their
environmental-related concerts that may be affected
by the decisions taken by the government and
private actors. Civil-based instruments aim to
educate the people within society to help improve the
relationship between them and their environment
(keen et al. 2005). This social learning approach
mainly aims to create opportunities for education of
the environment through building partnerships and
programmes for teaching ethics to stimulate the
action of the people to build a sustainable future
(Keen et al. 2005). Civil-based instruments include
factors such as information and education, public
access to information, public awareness, legal
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empowerment, public pollution, and waste
inventories (Cooke and Corbo-Pekins, 2018). In
South Africa however, the civil-based approach is
often difficult to implement mainly due to formal
education being limited in most communities which
then limit environmental education to a few people
(Wessels and Mkhari, 2007). Also, air quality issues
are very costly and complex which makes civil
measures quite difficult to implement.
Civil-based instruments also often function in
hybrid with other approaches particularly the CaC
approach. Various sections in NEMA (CaC) require
the public participation process (Civil) to be
conducted particularly to those activities which
require
environmental
authorizations
(i.e.
atmospheric
emission
licenses)
before
commencement. This process is used to help
incorporate public concerns to help regulate justice
in development projects (Viljoen 2007).
As shown in figure 4, several air quality-related
civil based instruments in South Africa are
predominantly based on access to information,
justice campaigns and carbon sequestration
campaigns such as:
•
Planting trees and rooftop garden
campaigns;
•
Air quality monitoring campaigns such as
the bucket brigade and the Richards Bay
Clean Air Association;
•
Education and awareness campaigns
such as indoor air pollution campaigns
(e.g. Basa njengo Magogo);
•
Watchdog role & empowerment through
access to information campaigns such as
the South Durban Community
Environmental Alliance campaign.
Non-government organizations such as the
Centre for Environmental Rights (CER) also play a
significant role in the implementation of civil-based
tools in South Africa. The CER is comprised of a
group of activist lawyers who help communities and
civil society organizations in South Africa realize
their Constitutional right to a healthy environment by
advocating and litigating for environmental justice.
Environmental justice groups –
Centre for Environmental Rights.
Education and awareness
campaigns - Basa njengo Magogo
project.
Rating and ranking Stock Exchange.

Information disclosure
programmes - Toxic Release
Inventory.

Carbon sequestration: Tree
planting campaigns, rooftop
gardens, etc.
Air Quality Monitoring campaigns:
bucket brigade & Richards Bay Clean
Air Association (RBCAA).

Civil Based

Watchdog role &
empowerment through access
to information - South Durban
Community Environmental
Alliance (SDCEA).
Public participation in AEL,
EIA, etc.

Labelling schemes - such as energy
efficiency labels on electrical appliances or
organic farming produce.

Figure 4. Instruments relating to the Civil-based
approach for air quality governance and management in
South Africa.

6. Agreement-based approach
Agreement based instruments (also known as
voluntary agreements (VAs)) are collaborative
arrangements between firms, regulators, and other
interested and affected parties in which firms
voluntarily commit to actions that improve the natural
environment (Delmas and Terlaak, 2001).
Agreements can be used by organizations as a
strategic tool to adhere to their compliance
obligations, develop new air quality management
competencies
ahead
of
competition,
and
communicate their responsible performance to their
interested and/or affected parties (Delmas &
Terlaak, 2001).
According to Farina 2001, Agreement-based
instruments can be divided into self-regulation where
industry will choose to set their own environmental
objectives and indicators, as well as co-regulation
where the environmental objectives and methods of
achieving the objectives are defined through
interaction between government and industry. Nel &
Wessels, (2010) further argue that the adoption of
VAs as self-regulation may be entirely voluntary
meaning that performance is never verified by
anybody, while others may need to be regularly
verified (co-regulation) by independent and
competent third parties. Such verifiers could also be
either entirely independent such as accredited
certification bodies or even enforcement agencies
themselves. The verifiers could also be public
watchdog bodies or enforcement surrogates
appointed by the regulated (Nel and Wessels, 2010).
Similar to other approaches, agreement-based
instruments mostly function in hybrid with other
instruments in dealing with air quality issues. This
approach helps to not focus on air quality impacts in
isolation but on the interplay between all
environmental impacts of an organisation which then
helps to avoid duplication of impacts mitigation and
saving costs.
In South Africa, the hybrid approach between
voluntary agreements and CaC instruments is
required under section 35 of NEMA in which an
environmental management cooperative agreement
(EMCA) may be entered into between the
government and any person or community in order
to give effect to the NEMA principles (Farina, 2001).
These agreements may be entered either as
negotiations between an industrial sector and
government or as a result of interaction between
individual polluters and affected parties such as local
communities and NGO's (Farina, 2001).
It is often difficult to have a single coordinated
management approach with agreement-based
instruments as different companies have adopted
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different instruments that suit their business needs.
Some of these organisations may sometimes not
want to disclose their agreements to the public or to
other organizations for various reasons. However,
for those organisations that adopt agreement based
instruments, there are general key benefits
associated with this approach. This includes: to
encourage a proactive cooperative approach from
the industry which can reduce conflicts between
regulators and industry; allows greater flexibility and
freedom to find cost-effective solutions that are
tailored to specific conditions, and the ability to meet
environmental targets more quickly due to
decreased negotiation and implementation lags.
Examples of agreement based instruments used
in South Africa include:
 International agreements: DEA Climate
Change and International Agreements Publication Series A: Book 9.
 Covenants and co-operative
agreements: Carbon Disclosure Project
(CDP).

7. Hybrid approach
Nel and Wessels (2010) argue that in all the
governing instruments, there is not a single
instrument that offers a one-size-fits-all solution to
environmental challenges, meaning that every
instrument has particular strengths and weaknesses
when it comes to enforcement performance. Some
of these instruments will have similar characteristics
even though they are belonging to different
categories
of
environmental
management
approaches. The adoption of a hybridized approach
which is the integrated use of all the approaches to
ensure sustainable governing efforts is increasingly
gaining popularity in which organizations will adopt a
combination of one or more instruments to address
specific environmental issues (Nel and Alberts
(2018). The adoption and use of these tools in a
hybridized manner are also often specified as
conditions in environmental authorizations (Nel and
du Plessis, 2001; Nel and Wessels, 2010). It is thus
important to state that, separating these different
approaches into classes is artificial, because, in
practice, most if not all tools are hybrid in their
application. However, to separate them like this aids
to our in-depth theoretical understanding of each
approach and instrument.

A = Fiscal / CaC hybrid
B = Fiscal / Civil Hybrid
C = Civil / CaC Hybrid
D = Fiscal / Civil / CaC Hybrid

Solar water heater Programme

Appliance labeling: SANS 941 for
energy efficiency.
CO2 emissions labelling

Environmental levies
Tax incentive for energy
efficiency, solar energy, CDM
projects, development of
biofuels etc.
Carbon tax act (carbon
pricing)

Departmental programmes: e.g.
Working on Fire Programme
Internet of Things (IoT)

Fiscal /
Market
Based

Emission trading schemes:
Carbon offsets (credits), cap &
trade
Post 2020: carbon budgets &
Sectoral Emission Targets (SETs)

B

Civil
Based

D
A

C

Command and
Control (CaC) Based
NEM:AQA

Environmental levy products South Africa:
• Electric filament lamps
• Electricity generation
• Motor vehicle CO2 emission
• Plastic bags
• Tyres

Emission inventories: NAEIS &
SAAQIS
Air Quality Offsets
Public participation in AEL, EIA, etc.

Air Quality Management Plans
Education and awareness campaigns

Measures relating to dust, noise and odours
Carbon sequestration: Tree planting
campaigns, rooftop gardens, etc.

Figure 5: The air quality governance and management
instruments shown here are relating to the following four
hybrid approaches: A=Fiscal/CaC hybrid; B=Fiscal/Civil
Hybrid; C=Civil/CaC Hybrid and D=Fiscal/Civil/CaC
Hybrid.
As shown in figure 5, there are four hybrid
approaches which emanates from the environmental
management approaches discussed above. These
approaches are: A=Fiscal/CaC hybrid; B=Fiscal/Civil
Hybrid; C=Civil/CaC Hybrid and D=Fiscal/Civil/CaC
Hybrid. Some examples relating to Fiscal/CaC
hybrid include environmental levy products which
are regulated through the South African Revenue
Services (SARS) as well as the Carbon Tax Act No.
15 of 2019 which is a CaC instrument aiming to
provide for the imposition of a tax on the carbon
dioxide (CO2) equivalent of greenhouse gas
emissions.
Instruments relating to the Fiscal/Civil/CaC hybrid
approach include the working on fire programme
which is a multi-partner programme that is mandated
under the National Veld & Forest Fire Act of 1998.
This government-funded, job-creation programme is
implemented by the FFA Group of Companies which
is a leading supplier of Integrated Fire Management
(IFM) services that takes up the youth from
disadvantaged communities, trains them in fire
awareness and education, prevention and fire
suppression skills and employs them as participants.
Furthermore, according to the 2016 CSIR science
scope report, IBM has partnered with CSIR and the
City of Johannesburg to use the Internet of Things
(IoT) to curb air pollution in the city by analysing
historical and real-time data from environmental
monitoring stations across the Gauteng Province.
The objective is to uncover greater insight about the
nature and causes of air pollution and model the
effectiveness of intervention strategies. In a second
phase, the programme will be extended to include
high-accuracy air pollution forecasting for planning
and decision support and to enable proactive
approaches to air quality management.
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8. Conclusions
Both government and private sectors have been
developing, adopting, and implementing various air
quality governance and management instruments as
means to mitigate air pollution challenges in South
Africa. These air pollution impacts have become a
major concern which has had some negative health
impact consequences to local people mostly the
poorer regions.
The air quality governance and/or management
instruments may be classified into four
environmental management approaches: a)
Comand and Control-based instruments, b) fiscalbased instruments, c) agreement-based instruments
and d) civil-based instruments (see figure 2) (Nel and
Alberts, 2018).
In order to have a detailed understanding of all the
instruments and their application in air quality
governance and/or management, we need to first
identify them and conceptualise how they fit into the
broad environmental management approaches in
South Africa. Although this paper described the
different approaches, it does not prescribe any
specific approach.
The separation of these different instruments into
categories or approaches is almost artificial, this is
because most if not all of these instruments are
practically implemented in a hybrid in manner with
one another. However, to separate and
conceptualise these instruments into different
approaches helps to aid our in-depth theoretical
understanding the instruments.
This study therefore concludes that the use of
multiple approaches and instruments is preferred
especially within a complex and multi-faceted
context such as the air quality governance and
management in South Africa. The application of
more than one approach (hybrid approach) in
addressing a single air quality issue provides the
redundancy effect by ensuring multiple possible
solutions for that particular air quality issue (see A,
B, C, and D, in Figure 5). This redundancy effect will
optimize and merge the strengths of different
approaches into single instruments.
It is further noted from this paper that most of the
instruments identified belong to the CaC approach
and many other instruments from other approaches
are developed or adopted to supplement the CaC
instruments. This is fundamentally due to the
maturity and complexity of the South African air
quality legal framework. However, we further argue
that we are perhaps focusing too much on the CaC
instruments and future studies should perhaps focus
more on incentivised instruments instead of the
traditional CaC instruments.
This paper does not get into the detailed
discussion pertaining to the strengths, weaknesses,
and application of each instrument concerning air
quality
governance
and/or
management

performance in South Africa. Future studies can
therefore also look at identifying the pros and cons
of these instruments as well as their application and
performances towards improved air quality
governance and management in South Africa.
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Abstract
During the 1960s and 1970s, vegetating surfaces of ~300 Witwatersrand TSFs had effectively
mitigated seasonal dust storms that arose from wind action on the bare surfaces of gold mine Tailings
Storage Facilities (TSFs). Adjacent land, previously unusable due to the dust, became viable industries and residential developments were established, often close to the TSFs. Reclamation of
TSFs commenced circa 1978. However, reclamation necessitated the disruption of the vegetation,
exposing fresh surfaces to wind and water erosion. In 1981, mining industries commissioned
continuous dust monitoring programmes as part of environmental management systems, initially for
suspended particulate matter (PM10). In 1985, the approach changed to monitoring dustfall
according to the ASTM D1739 (1970) “Standard Test Method for Collection and Measurement of
Dustfall (Settleable Particulate Matter)”. Despite a succession of corporate ownerships and service
providers, the dust monitoring method has remained consistent since 1985. We report on a time
series analysis of a 20-year (2000-2019) monthly dustfall record in proximity to legacy TSFs
excavated as feed material and the ERGO mega-deposition TSF south of Springs, East
Witwatersrand. ARIMA time series analysis is applied to decouple seasonal variations, long term
trends and residuals. Strong seasonal patterns are observed at sites close to operational TSFs,
driven by combined factors of exposed surfaces, windiness and rainfall. Trends are attributable to
the extent of mitigation measures – water or chemical binder spraying (dust suppression) on
excavated TSFs; windbreak fences and prompt vegetation on the ERGO deposition TSF. Outlier
values (>3 standard deviations) indicate exceptional events or exceedances of the dustfall
regulations. Causes, such as intense thunderstorms or lapses in dust control measures, are
examined. The analysis confirms that dustfall monitoring is a robust indicator for management and
regulatory purposes of localised environmental dustfall, as well as the value of consistent long-term
dustfall monitoring using a standardised methodology.
Keywords: dustfall, dust, East Rand, ERGO, Witwatersrand, tailings storage facilities, TSF,
seasonal, mitigation, monitoring.

1. Introduction
While windblown dust from gold mine tailings
storages facilities (TSFs) contributes to the overall
burden of suspended particulate matter air pollution
over the South African goldfields, the impacts are
most acute in localised zones of two to three
kilometre extent surrounding the TSFs. In addition to
episodic exceedances of PM10 and PM2.5 air quality
limits, fallout dust (>30 µm diameter) may cause
severe local nuisance, damaging or soiling
structures, property and products, and causing
physical discomfort through deposition in human
respiratory systems and eyes.
Fallout dust monitoring was initiated by Crown
Gold Recoveries Ltd at its reclamation sites on the

Central Witwatersrand in 1985, using the American
Standard Test Method “ASTM D1739 (1970)
Standard Test Method for Collection and
Measurement of Dustfall (Settleable Particulate
Matter)”. The use of fallout buckets as an
environmental indicator of dustfall nuisance has
subsequently been widely applied in surface mining
and mineral processing industries around South
Africa. In 2013, the Department of Environmental
Affairs and Tourism (DEAT) formalised the use of the
ASTM D1739 methodology for the management of
dustfall in the National Environmental Management
Act Dust Control Regulations (DEAT 2013). In the
regulations, the previous four descriptive tiers for
dustfall evaluation (slight, moderate, heavy, severe)
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are replaced by two limit values, 600 mg/m2/d for
residential areas and 1 200 mg/m2/d for nonresidential areas, together with criteria for the
permitted number of exceedances.
The dust regulations required mining and
industrial activities generating dust to implement
dust management plans, including dust monitoring
and reporting. However, other than a requirement to
report exceedances regularly, the regulations do not
contain penalties for measured exceedances. In
contrast to fixed point stack emissions that can be
attributed exclusively to the source, ambient dustfall
may be composed of contributions from multiple
sources, and thus exceedances of the standards
cannot necessarily be attributed to a particular
fugitive dust source.
Regulation 5(d) specifies a requirement that a
dustfall monitoring report should contain “The
dustfall monitoring results including a comparison of
the current year and historical results (if any) for
each site, and including a tabular summary of
compliance with the dustfall standard set out in
Regulation 3 [that is, the number of exceedances]”.
In general practice, dustfall monitoring reports
include tabulations of dustfall from all sites, with
summaries of the number of exceedances and the
status as to whether the site is within compliance for
each rolling twelve-month period as specified in
Section 3 of the regulations. However, comparison
with historical results has been limited to presenting
averages of previous year results over three or fiveyear intervals for each site-month. While the
seasonal variation of dustfall from gold TSFs on the
Highveld has been studied (Annegarn et al, 2002;
Oguntoke et al, 2013), the longer-term historical
trends as contemplated in Regulation 5(d) have not
been routinely reported nor researched.
In this contribution, we have addressed this gap
by investigating a 20-year record of monthly dustfall
surrounding TSFs in Brakpan and Springs, including
the Brakpan mega-TSF, located ~13 south of
Boksburg and Brakpan, Gauteng. The datasets are
processed using ARIMA (Auto Regressive
Integrated Moving Average) time series analysis to
partition the observed results into three components
– trend, seasonal and irregular. Arguments will be
presented that the trend component is indicative of
the combination of source extent and mitigation
effectiveness. These factors are within the control of
the operator, and thus indicators of the success or
otherwise of dust management strategies on the part
of the operator. In contrast, the seasonal and
irregular components are driven by external factors
(meteorology and random variability, respectively).
The extracted trend values for the Brakpan TSF
dustfall sites are explained in terms of significant
changes in the operations and dust control regimes
on the facility. The results overall demonstrate the
value of dustfall monitoring as a valid environmental

indicator for managing both short-term and longterm trends of fugitive dust sources.

2. Methods
2.1 History of the ERGO gold reclamation
project
Milestones in the history of the ERGO gold
reclamation project are identified by document
analysis. Specifically, changes in technology,
commissioning and decommissioning of the
deposition sites, and changes in corporate
ownership are recorded. As commitments to
implementing best environmental management
practices are inherent to corporate identities,
changes in ownership may also be reflected in dust
mitigation practices on the TSFs. Sources of
information included participation in formal Quarterly
Dust Forum meetings convened by the company,
informal discussions with company environmental
managers, and press articles.

2.2 Qualitative and quantitative satellite image
analysis of the Brakpan TSFs
Use was made of the historical satellite imagery
available on the Google Earth platform. The earliest
images date back to December 1984, with annual
updates through the 1990s. Subsequently, higher
resolution imagery became available at more
frequent but sporadic intervals.
An initial determination of the exposed bare
tailings area of the largest Brakpan TSF – Phase 2
was carried out – total non-vegetated area minus the
area of the visible pond at the centre. However,
these values, extracted on an annual basis, failed to
yield a positive correlation with measured dustfall.
On reflection, this is understood as three conditions
are required for dust deflation – exposed tailings, low
moisture in the exposed tailings, and wind energy to
act on the exposed area. As long as the TSF was in
operation, the entire central crater of the Brakpan
and Rooikraal TSFs remained moist, and hence
resistant to dust generation.
Satellite imagery of the TSFs, at approximately
one-year intervals from 1984 onwards, were then
evaluated qualitatively, specifically to record the
following:
dates
of
commissioning
and
decommissioning of the various TSFs; the degree of
rehabilitation by the vegetation of the sides and tops;
and the degree of visible dryness or moisture that
might have influenced dust deflation.
A selection of satellite imagery is presented to
support the interpretation of the measured dustfall
extracted from the time series analysis (see
following sections).
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2.3 Dustfall monitoring
Dustfall monitoring around the Brakpan TSF
deposition sites and associated reclamation sites
commenced in 1992 using the Standard Test
Method for Collection and Measurement of Dustfall
(Settleable Particulate Matter) (ASTM D1937
(1970)) without a change of methodology1. 5-L
sample buckets are exposed in the field for 30 days.
The collected material is analysed for the insoluble
component only, and reported as [mg/m 2/d], 30-day
average.
For this paper, eight sampling sites in the vicinity
of the ERGO Brakpan TSF were selected, based
on the availability of the criterion of almost complete
continuous records for the selected period January
2000 to December 2019 (Figure 1).

number of records (N = 8 sites x 20 y x 12 months =
1 920 values).

2.5 ARIMA time series analysis
The purpose of the time series analysis is to
partition the series of dustfall values into three
components – trends (if any); seasonal components;
and residuals that constitute a stationary, random
series of values. The seasonality of fugitive dust on
the Witwatersrand, driven by annual variations of
wind speed and rainfall, has been reported
previously (Annegarn et al, 2002; Oguntoke et al,
2013). For this application, the time series analysis
is not (as is common in business and econometrics)
to make forecasts but to separate the seasonal and
residual variability for explanatory purposes.
Seasonal variability is driven by external factors,
while trends are influenced by factors associated
with the mining activities, such as the extent of
exposed erodible surfaces and the degree to which
mitigation measures are applied.
For each site, the complete data vector xt contains
240 equally spaced values of dustfall. The vectors
were individually modelled using Box-Jenkins AutoRegressive Integrated Moving Average (ARIMA)
time series analysis (Chatfield, 1975, pp. 74-75, 8993). The generalised seasonal multiplicative model
is of the form:
 (𝐵) (𝐵12)𝑤 =  (𝐵) (𝐵12)𝑎

𝑝

Figure 1. Brakpan and Rooikraal TSF dustfall
monitoring sites, superimposed on image dated
31 May 2020. (Credit: Google Earth - Image © Maxar
Technologies).

𝑃

𝑡

𝑞

𝑄

𝑡

where wt is a stationary vector of normally
distributed and equally spaced variable, B denotes
the backward shift operator, p, P, q, Q are
polynomials of order p, P, q, Q respectively, and {at}
are independent random variables with mean zero
and variance a2. B12 is the shift operator such that
B12wt = wt-12

2.4 Data screening and transformation
The dustfall data records were screened for missing
values and unphysical outliers. Single or couplet
missing values were interpolated by taking the
median of adjacent month values. Extended series
of missing values were treated by splicing the time
series of adjacent sampling sites into the gaps. Lowvalue outliers (>2 standard deviations) were
replaced with the 25th percentile. High-value outliers
were evaluated in the context of the entire network
for the corresponding events. Exceptional high
episodes (>2 standard deviations) at only one site
were deemed as singular events and replaced by the
75 percentile. The total number of such substitutions
and interpolations were less than 2% of the total

1 ASTM D1937 (1970) is no longer a current ASTM
standard. It has been superseded by ASTM D1937-98
(2017). However, ASTM D1937 (1970) is written into the
South African Dust Control Regulations. An update of the

where the value 12 applies to monthly data.
A requirement for the ARIMA analysis is that the
data is normally distributed and stationary (i.e.
without trends). For the dustfall time series, the
model option is selected that performs a log
transformation of the input vector xt. As part of model
parameter selection, differencing is applied to the
vector. The degree of differencing required is
denoted by the parameters d and D, for subtracting
a value from the immediately preceding value, or the
seasonally offset value, in this application 12 steps
prior. A seasonal ARIMA model may be represented
as (p d q)(P D Q)m where parameters p, d and q

are non-negative integers, p is the order (number
of time lags) of the autoregressive model, d is the
regulations by the Department of Environment, Forestry
and Fisheries (DEFF) is still under consideration as of
November 2020.
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degree of differencing (the number of times the
data have had past values subtracted), and q is
the order of the moving average model. Uppercase
P, D and Q refer to the autoregressive, differencing,
and moving average terms for the seasonal part of
the ARIMA model, and m refers to the number of
periods
in
each
season.
(Hyndman
&
Athanasopoulos, 2020).
The selection of autoregressive or moving
average parameters and the number of differencing
steps are guided by various statistical parameters
generated by the software packages available to
perform the ARIMA modelling. While several
different combinations of the six variable (p, d, q)(P,
D, Q), will often produce similar goodness of fit
parameters, the guidance is to use the fewest
number of parameters and lowest values that will
reduce the residuals to a random vector with no
residual auto-correlations. Besides, for consistency,
once a model was found to be optimised for a
number of the dustfall sampling sites, we attempted
to use the same set of parameters throughout to
obtain uniformity in interpreting the components.
An online interactive programme SEASONAL,
written in the language R, is used to perform the
ARIMA modelling (Seasonal 2020). Input requires a
two-component column vector comprising the
Year.Month and the variable (dustfall) values. Online
graphics displays can be selected for inspection or
download, as well as the model outputs (trend,
seasonal and residual variables) and the statistical
goodness of fit parameters.

3. Results
3.1 A brief history of ERGO gold operations
In 1978 production commenced at the Anglo
American-owned East Rand Gold and Uranium Co.
(ERGO) plant, the first large scale reprocessing of
gold mine tailings. Anglo had acquired rights to
process 54 legacy TSFs – sand dumps and slimes
dams – across the East Rand towns of Boksburg,
Benoni, Brakpan and Springs (Creamer, 2007). A
processing plant was established south of Brakpan,
and a network of pipes and pumping stations
connected residue TSFs to the plant. The processed
material was to be deposited on a newly
commissioned super-TSF further to the south that
would be operated at higher environmental
standards of water and dust emission management
(Error! Reference source not found.: Brakpan
TSF – Phase 1 outlined) Five years after
commissioning,
improved
gold
extraction
technologies were introduced. Deposition on
Brakpan TSF-Phase 1 was suspended as the
material was considered to contain economically
recoverable grades still. In 1983 a new, larger TSF
footprint was established adjacent to the original
TSF (Figure 1. Brakpan and Rooikraal TSF dustfall

monitoring sitesError! Reference source not
found.: Brakpan TSF – Phase 2 outlined). In 1989,
a further TSF, Rooikraal, was commissioned southwest of the Brakpan TSF (Error! Reference source
not found.: Rooikraal TSF outlined). All the material
from Phase was ultimately processed for a third time,
with all material deposited in the new facilities.

Figure 2. The Brakpan and Rooikraal TSFs circa
1989. (Credit: Google Earth, Image Landsat/
Copernicus)

In March 2005, faced by declining grades and
depleted material availability, Anglo American
Ashanti halted the ERGO operations (Creamer,
2007). At closure, the external walls of the Brakpan
and Rooikraal TSFs had only been partially
vegetated, mostly along the base walls of the
Brakpan TSF (Figure 3). The beaches of the
Brakpan Phase 2 TSF are bright white, which
indicates that following closure the surfaces had
dried out during the nine months. The top surface of
the Rooikraal TSF is similarly dry, while the southern
portion of Brakpan Phase 1 TSF has been excavated
to ground level, leaving the northern TSF section
excavated and unrehabilitated. The Tsakane
residential suburbs, apparent as a patchwork in
Figure 2, has in the interim consolidated into a formal
township. In compliance with good land use
planning, an unoccupied corridor of 1 km has been
left undeveloped between the Brakpan TSF and the
residential areas. Nevertheless, Tsakane still lies
within the high impact zone (<3 km) for fugitive
windblown dust from TSFs.
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(Credit: Google Earth, Image Landsat/ Copernicus; Image ©
2020 Maxar Technologies)

Steps to vegetate the Rooikraal TSF commenced
in 2011 (Figure 5). Once the legacy mitigation had
been completed, current practices continued with
grassing of the external surfaces keeping pace with
the rising wall of the impoundment (Figure 1).
Additional measures applied since 2017 include the
erection of windbreak fences on exposed surfaces
that could not be promptly vegetated (planting of
vegetation is limited to summer).

3.2 ARIMA time series analysis
Seasonal factors

Figure 3. The Brakpan and Rooikraal TSFs,
December 2005. (Credit: Google Earth, Image
Landsat/ Copernicus)

In 2007, the defunct ERGO processing plant,
surface mining rights and the Brakpan deposition
facilities were subsequently acquired by a
consortium of Mintails and DRD Gold. After the
refurbishment of the plant and pipelines, gold
processing and deposition on the Brakpan TSF
recommenced in 2009. In the meanwhile, the new
owners had already embarked on an accelerated
programme to mitigate dust emissions by vegetating
the sides and tops of the Brakpan Phase 2 TSF
(Figure 4(a) & (b)).

Figure 6 depicts the measured and modelled dustfall
at monitoring location Arendnes B, located to the
northwest of the Brakpan TSF (Figure 1). On the 20year scale, any seasonality is not apparent. The
dominant features are (i) a period of high dustfall,
from 2000 to about 2010; (ii) followed by a period of
lower dustfall through to 2019. This indicates nonstationarity, i.e. a trend. Indeed, the fitted model
(p d q)(P D Q) = (1 0 1)(0 1 1) indicates a first-order
seasonal differencing D = 1.

Figure 5. Rooikraal TSF 1 June 2012 showing the
commencement of the vegetation of sides and top in
the preceding summer. (Credit: Google Earth - Image ©
2020 Maxar Technologies; Image 2020 © CNES / Airbus)

Dustfall [mg/d/m2]
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Measured
ARIMA Model (1 0 1)(0 1 1)

600
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300
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Figure 4. The Brakpan TSF in (a) December
2009; and (b) December 2011, showing the
progress vegetation up to the current operating
edge. The Phase 1 residue appears to have been
consolidated with soil and vegetation.

0

Figure 6. Measured and modelled dustfall rates at
site Arendnes B.
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ERGO Withok: Seasonal Comparison - Tsekane and Saadchem
ARIMA Model (1 0 1)(0 1 1)

Seasonal multiplicative factor

The separated seasonal and trend components of
this model are illustrated in Figure 7. Note that
because the modelling is performed in logarithmic
space, when the vectors are converted back to linear
space, the factors become multiplicative. Hence the
regular seasonal factor in the upper portion of Figure
7 is modulated by the underlying trend factor. The
derived trend factor confirms the initial impression of
a high dust period, peaking in 2005 and 2006,
followed by a decline to 2010 where after the dustfall
stabilises unto 2017, with a further slight decrease to
2019.
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Figure 7. Time series of the ARIMA (1 0 1)(0 1 1)
decomposition of the Arendnes B dustfall into
TREND, SEASONAL factors, and the multiplicative
combination of TREND x SEASONAL.
The same ARIMA (1 0 1)(0 1 1) model was
applied to other sites. The seasonal multiplicative
factors for four sites close to the Brakpan TSF
(Figure 8) illustrate that all the sites are influenced
similarly by the meteorologically driven seasonal
factors. Note that the Y-axis is on a log10 scale. A
similar set of seasonal factors is shown for four sites
located at a greater distance (1 to 3 km) from the
Brakpan TSF (Figure 9). The seasonal influence at
Saadchem site, 3 km south of the TSF has a
distinctly smaller amplitude from 2014 onwards.
ERGO Withok: Seasonal Comparison - Withok ARIMA Model (1 0 1)(0 1 1)

2.0

0.5

Tsakane Mthombeni

Moreke_House

Saadchem

Figure 9. SEASONAL components of the ARIMA
(1 0 1)(0 1 1) analysis of the dustfall at three
residential sites >1.5 km to the east of the Brakpan
tailings storage facility and Saadchem, 3 km to the
south.
Trends
The trend components are for the four sites
adjacent to the Brakpan TSF (Lime_Plant,
Arendnes_B and Arendnes_C) and Rooikraal
(Shaeffer) are shown in Figure 10; and for the four
distant sites (Tsakane_Nwayo, Tsakane_Mtobeni,
Moreke House and Saadchem) in Figure 11. The 20
years has been divided into three phases. Phase A
corresponds to a period of high dustfall, most
apparent at the residential sites in Tsakane, to the
east of the TSFs. The effect is less at the sites
adjacent to the TSFs, but still noticeable. (The Y-axis
scales on Figure 10 and Figure 11 have been kept
the same to allow easy visual comparison.)
Phase B, from mid-2009 to mid-2016, shows a
lower but generally stable dustfall at all sites except
at sites Shaeffer and Arendnes_C, which have twoto threefold increases in dustfall for 2011 to 2013. for
the scales B.
Phase C for all sites indicates a further step
decrease in dustfall and fewer bumps and
anomalies.
Saadchem trend differs from the other sites in that
it is much smoother and somewhat lower, reflecting
perhaps its greater distance (3 km) from the TSFs.
Nevertheless, it also fits the overall description of the
three phases.
ERGO Withok: TREND Comparison ARIMA Model (1 0 1)(0 1 1)
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Figure 8. SEASONAL components of the ARIMA
(1 0 1)(0 1 1) analysis of the dustfall at four sites
close to the Brakpan tailings storage facilities.
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Figure 10. TREND components of the ARIMA
(1 0 1)(0 1 1) analysis of the dustfall at four sites
close to the Brakpan tailings storage facilities.
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Dustfall TREND [mg/d/m2]

ERGO Withok: TRENDS Comparison ARIMA Model (1 0 1)(0 1 1)
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Figure 11. TREND components of the ARIMA
(1 0 1)(0 1 1) analysis of the dustfall at three
residential sites >1.5 km to the east of the Brakpan
tailings storage facility and Saadchem, 3 km to the
south.

5. Conclusions

3.3 Combined trend and seasonal
For illustrative purposes, the combined models of
(Trend X Seasonal) for the four distant sites are
shown in Figure 12. The only component omitted is
the random residual. The three phases are still
clearly identifiable, now modulated by the seasonal
meteorological factors.
ERGO Tsekane and Saadchem TREND*SEASONAL

ARIMA Model (1 0 1)(0 1 1)

ARIMA Modelled Dustfall [mg/d/m2]
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Enhanced measures for dust prevention were
introduced in 2016, including prioritised vegetation of
areas of the tailings most prone to wind ablation, as
determined by fluid dynamic modelling of wind over
the TSFs; and the erection of interim wind-fences on
areas close to the deposition crest that were not yet
available for seasonally limited grassing campaigns.
The trends at the multiple sites reflect a distinct drop
in dustfall coincident to the implementation of these
additional dust suppression measures.
Despite the low precision of the dustfall
measurement method, which results in a noisy
signal, compounded by the strong seasonal effects,
the trends are consistent over several sites.

Saadchem

Figure 12. Combined (Trend X Seasonal) factors for
the four distant sites.

4. Interpretation and Discussion
The overall patterns of dustfall variation may be
understood by a qualitative analysis of the lifecycle
of the ERGO tailings facilities presented in Section
3.1. During the early 2000s, the Brakpan and
Rooikraal TSFs were in operation but minimally
vegetated on the side walls (Figure 3). When
pumping of spent slime ceased in 2005, the top
surfaces dried out, exposing larger areas to wind
ablation, reflected in the sporadic peaks in the
dustfall, specifically at the Tsakane sites to the east
and partially downwind from the Brakpan TSF. When
operations on the TSFs recommenced circa 2009
under new owners and management, the upper
surfaces were again wet from the deposition of
tailings, and more importantly, the sidewalls of the
Brakpan TSF were vegetated in an accelerated
programme between 2009 and 2011 (Figure 4),
followed by the grassing of the Rooikraal TSF in
2012 (Figure 5).

Several
conclusions
follow
from
these
observations. Firstly, the ARIMA time series
modelling appears to be a useful technique for
extracting a useful signal from the noisy signal
provided by dustfall monitoring.
Secondly, the dustfall method appears to be
responsive not only to seasonal meteorological
trends but to management actions to mitigate dust
ablation. The trend values can provide an
unambiguous answer to management questions
such as: Are the dust suppression interventions
reducing dust emissions (continuous improvement)?
Is the dustfall monitoring method sensitive enough to
respond to changes in the extent of dust sources and
reduction of emission factors?
For regulators, the combination of dustfall
monitoring and ARIMA modelling can answer
questions as to whether a facility is consistently
applying the necessary measures to mitigate fugitive
dust emissions, or whether dust control plans as
envisioned by the regulations have the desired
effects, not only in terms of singular exceedances
but in terms of trends. We conclude that these
results demonstrate that dustfall monitoring is a
useful and valid tool for managing fugitive dust from
surface mining and mineral processing.
Finally, the particular example of the ERGO
Brakpan TSF has illustrated that with diligent
application of current technologies and practices that
it is possible to manage fugitive dust emissions to a
level within the national dustfall standards, even on
the largest TSF. While some level of dustiness is
inherent in reclamation and deposition of gold mine
tailings, these activities can be carried out without
undue hazard to surrounding communities.
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Accurate prediction of solar radiation with the integration of particulate matter is essential for studying the
effects of climate change and the potential for solar energy generation. This study uses the artificial neural
network (ANN) to predict the effect of particulate matter on solar radiation. The model comprises five
meteorological variables and suspended particulate matter smaller than 2.5 µm in aerodynamic diameter
(PM2.5) as inputs, and solar radiation as output. Statistical metrics were used in comparing the predicted
solar radiation with the observed solar radiation. ANN-S model recorded a root mean square error (RMSE)
and mean absolute percentage error (MAPE) values of 0.0367 and 12.86 respectively. This is better than
that obtained from ANN-D model, which has a RMSE and MAPE values of 0.0615 and 17.34 respectively.
The correlation coefficient (R) value for ANN-S and ANN-D model for the training was obtained to be 0.9705
and 0.9491, respectively. The study shows that integrating PM 2.5 sea-salt mass concentration performed
better than integrating PM2.5 dust mass concentration in predicting solar radiation using the soft computing
technique.
Keywords: Artificial neural network; particulate matter; soft computing; solar radiation.

1.

Introduction

Economic development and the increase in
environmental awareness have propelled the need
for clean, renewable, and sustainable energy (Wang
et al., 2011). As one of the best renewable and
sustainable energy sources, solar energy is an
environmental-friendly source because it does not
release greenhouse gases and other pollutants
(Lofthouse et al., 2015). Solar energy systems,
architectural design and evapotranspiration,
including crop growth models are all applications
dependent on the knowledge of the amount of
insolation on the earth (Benghanem and Mellit,
2010, Roebeling et al., 2004). Unfortunately,
measuring the amount of insolation in many
developing countries are not readily obtainable due
to the techniques involved and the inadequacy of
measuring equipment (Das et al., 2015).
Modeling solar radiation is relatively complex due
to the irregularity and variability of the resource. In
this regard, several methods have been suggested
to predict solar radiation. Soft computing techniques
(SCT) have recently received more attention due to
their effective performance and their ability to
unravel latent information from the avalanche of
data. It is a term that Zadeh (1993) described as a
category of computational techniques that are built
on artificial intelligence for solving very complex
issues (Choudhury and Jha, 2016). Among others,
these techniques include artificial neural networks
(ANN), genetic algorithms, adaptive neuro-fuzzy
inference system (ANFIS), and fuzzy logic. In recent
times, SCT has been used to predict solar radiation
accurately and faster than the traditional forecasting
techniques (He et al., 2014, Quej et al., 2017).

Several studies have attempted to forecast solar
radiation at different spatial and temporal scales
using several parameters as input variables. For
example, Voyant et al. (2017) revealed that weather
conditions (variability)
affect solar radiation
estimation. Besides meteorological variables,
certain other variables exist (Furlan et al., 2012,
Vakili et al., 2017) that significantly affect the incident
solar radiation on the earth's surface. Global
dimming has been recently detected in many
locations around the world, which are ascribed
mainly to human-induced change of pollutant load in
the atmosphere (Khodakarami and Ghobadi, 2016)
such as suspended particulate matters smaller than
2.5 µm in aerodynamic diameter (PM2.5), suspended
particulate matters smaller than 10 µm in
aerodynamic
diameter
(PM10),
nitrogen
dioxide(NO2), carbon monoxide (CO), sulfur dioxide
(SO2), and ozone (O3). Since solar radiation is
attenuated by increasing air pollution such as PM2.5,
PM10, O2, N2, CO2, and O3, they are considered
influential variables in predicting solar radiation (Fan
et al., 2018).
Predictions of solar radiation using empirical
relations and other models have been made in South
Africa, such as the case of Maluta et al. (2018), who
estimated global solar radiation in Pretoria, Gauteng
Province of South Africa, using a temperature-based
model. Their studies show that root mean square
error (RMSE) values for the three stations in Pretoria
range from 0.011 to 0.09. Vakili et al. (2017)
estimated daily global solar radiation in Tehran using
ANN with particulate matter, relative humidity, wind
speed, and daily temperature as input parameters. A
RMSE value of 0.05 𝐽𝑐𝑚 −2 𝑑 −1 and an absolute
fraction of variance (R2) of 99% were observed. The
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result shows that particulate matter (PM) used as a
parameter in predicting global solar radiation boosts
the ANN model's efficiency. Chen et al. (2019) in
Hong Kong chose a 3-layer feed-forward neural
network initially with a preselected number of hidden
neurons to estimate hourly global solar irradiance
using various climatic parameters. It was observed
that the ANN developed with ten predictors gave a
maximum value of R2 (correlation coefficient) as
0.925 of hourly global irradiance predicted.
Zhao et al. (2013) considered the index of air
pollution to predict the amount of solar radiation
using Angstrom – Prescott equation. There was a
reasonably good agreement between the measured
and the observed solar radiation data with RMSE
values ranging from 1.716 to 5.241 for five regions
in China. Furlan et al. (2012) researched the effect
of cloudiness and a few environmental parameters
such as air pollution index in predicting indirect
surface solar radiation in the city of São Paulo,
Brazil, which gave a correlation of coefficient
R2 = 0.93 and RMSE = 0.085. Liu et al. (2015)
conducted research and ascertained a strong linear
relationship of the aerosol index (which specifies the
particulate matters in the air) with the amount of
insolation.
Although some studies have attempted to study
the effects of particulate matter on solar radiation,
effects of sea salt mass concentration and dust mass
concentration on the prediction of solar radiation
remains a gap. With the increasing uptake of solar
radiation in South Africa, the effects of this
particulate matter on solar radiation must be clearly
understood. While classical forecasting techniques
have been applied in this space, the effectiveness of
artificial intelligence offers a better accuracy. Hence,
this study investigates the effects of sea salt mass
concentration and dust mass concentration on solar
radiation prediction in the Western Cape Province of
South Africa using air pollution concentrations and
meteorological data as input variables to two ANN
models.

2. Methodology
2.1 Brief description of the study area
The study area, Western Cape Province, a
population of about 7 million. It spans an area of
about 130,000 square kilometres and has the
Atlantic and the Indian oceans as part of its border
(Figure 1). The influence of the surrounding oceans
and the topography creates micro- and
macroclimates in the area.

1

Figure 1: Topography of Western Cape
2.2 Data Collection
Monthly data of cloud top pressure, surface wind
speed, precipitation, surface temperature, specific
humidity, dust surface mass concentration of PM2.5
and sea salt surface mass concentration of PM2.5,
and solar radiation for a period of thirty years (19902019), which is a total of 360 data points (30
years*12 months) for the Western Cape, South
Africa were obtained from the Giovanni1, a database
from the National Aviation and Space Agency
(NASA). Data cleaning was performed on the
collected data by removing outliers and missing
data. For the model development, 70% of the
dataset were used to train the network. The
remaining 30% were considered a hold-out dataset
for model validation. Inputs to the model were
surface temperature, specific humidity, wind speed,
cloud top pressure, precipitation, the amount of sea
salt mass concentration of PM2.5, and dust mass
concentration of PM2.5, while the monthly global
solar radiation was the model output.

2.2 Artificial Neural Network Model
Artificial neural network are computational
models based on the physiology of a biological brain.
The concept of a neural network is similar to the
structure of the brain which takes in a large number
of interconnected neurons,
except that the
architecture of a neural network is simpler than that
of a biological neuron (Behrang et al., 2010). They
are usually nonlinear, trying parallel processing
systems that can learn by adapting to changes in
their environment (Erusiafe, 2010). Artificial neural
network can be trained from a simple function to an
elaborate function (Kim, 2017) in such a way to
accommodate a set of input that leads to specific
target output(s) (Kalogirou and Sencan, 2010).
Determining suitable architecture in an ANNbased forecasting system is the first step to take. In
this study, the feed-forward back-propagation ANN

https://giovanni.gsfc.nasa.gov/giovanni
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premised on multilayer perceptron (MLP), and a
back-propagation (BP) learning algorithm was
developed. The BP learning algorithms are
commonly used in feed-forward ANN, and it helped
in the calculation of gradient loss of a function on the
error surface regarding the weights in the network.
The error in the next iteration is minimized in the
output layer analyses by adjusting the values of the
weights and biases according to each neuron. In this
study, a learning resilient back-propagation model
which works as a training algorithm was used. The
model consists of three layers: the input layer, the
hidden layer and output layer (Figure 2). A trial-anderror approach was used to find the optimal number
of hidden layers (Kim et al., 2019). There are n
number of input variables (𝑥𝑖 , 𝑖 = 1,2 … 𝑛) in the input
layer, 𝑝 number of nodes in the hidden layer (𝑦𝑗 , 𝑗 =
1,2, … 𝑝), and k number of output variables (𝑧𝑚 , 𝑚 =
1,2, … 𝑘) in the output layer. The following equations
can describe the ANN model:

𝑀𝐴𝑃𝐸 =

1
𝑠𝑖 − 𝑡𝑖
∑|
| × 100,
𝑛
𝑡̅

(4)

where 𝑠𝑖 and 𝑡𝑖 are observed and predicted values
respectively, 𝑛 is the observation number, and 𝑡̅
mean of the output. While RMSE values close to
zero are preferable, MAPE closer to 100% measures
the accuracy of the forecast. Over-fitting was
avoided during the model training phase to increase
the reliability of the model when validated with a
hold-out dataset. While 70% of the dataset was used
to train the model, 30% was used for the model
validation. The MLP model script for this study was
written using MATLAB (R2019b) software.

3. Results and discussions
Figure 2 shows the final architecture of the ANN
model with the input, the hidden layer and the output
layer.

𝑝

𝑧̂ = 𝑓𝑧 (∑

𝑦𝑘𝑗 𝑊𝑘𝑗 + 𝑏𝑘 )

(1)

𝑥𝑗𝑖 𝑊𝑗𝑖 + 𝑐𝑗 ),

(2)

𝑗=1
𝑛

𝑦̂ = 𝑓𝑦 (∑

𝑖=1

where 𝑊𝑘𝑗 and 𝑊𝑗𝑖 are the weight parameters which
designate the strength of the interrelation between
the nodes; 𝑏𝑘 and 𝑐𝑗 are the bias, and 𝑓𝑦 and 𝑓𝑧
are the activation functions that are linked to one
another with weight parameters.
To decide the more dominant factor between
the dust surface mass concentration of PM2.5 and
sea salt surface mass concentration of PM2.5,
network training and modeling in this research was
built on two classifications of inputs: ANN-D and
ANN-S. ANN-D has dust surface mass
concentration as one of its parameters, while ANNS has sea salt surface mass concentration. The
remaining set of input parameters are the same for
the two models. The parameters are cloud top
pressure, surface wind speed, precipitation,
temperature and specific humidity
Two hidden layers were used, each with logsig
and softmax transfer functions respectively. The first
and second layers consist of 18 and 15 neurons
respectively. The dataset was divided into three
parts: a training, a validation, and a test set in the
ratio 70:10:20 respectively. The performance of the
model was evaluated using RMSE and mean
absolute percentage error (MAPE), as expressed in
equations (3) and (4).

Figure 2: Final architecture of the ANN models

Figures 3 and 4 present a forecast of the solar
radiation for ANN-S and ANN-D models
respectively. These figures show that predicted
values of solar radiation are closer to the actual
measured values for the ANN-S model (Figure 3),
than for for ANN-D model (Figure 4).

Figure 3. The graph of observed and predicted
solar radiation using the sea salt surface mass
concentration.

1

(𝑠 − 𝑡𝑖 )2⁄ 2
𝑅𝑀𝑆𝐸 = [∑ 𝑖
𝑛] ,

(3)
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Figure 4. The graph of the observed and predicted
solar radiation using the dust surface mass
concentration.
Figures 5 and 6 show the correlation coefficient (R)
between the predicted values of solar radiation and
the actual measured values using the dust surface
mass concentration and sea salt surface mass
concentrations. For the training data, R-value is
0.94905 for ANN-D model, (Figure 5), and 0.9705 for
ANN-S (Figure 6).
The statistical error between the measured and
predicted monthly solar radiation for Western Cape,
South Africa, is shown in Table 1. It was observed
from Table 1 that the RMSE values for ANN-D and
ANN-S are 0.0615 and 0.0367, respectively, and
MAPE values of 17.34 and 12.86, respectively,
which translates to forecast accuracy of 82.66% for
ANN-D and 87.14% for ANN-S. This shows that the
integration of sea salt mass concentration gives
better prediction accuracy than the integration of
dust surface mass concentration for the study area.

Figure 5. The correlation between the predicted and
measured values of solar radiation using the dust
surface mass concentration

Figure 6. The correlation between the predicted
and measured values of solar radiation using the
sea salt surface mass concentration of PM2.5

Table 1. Model performance evaluation
Model

RMSE

ANN-S
ANN-D

0.0367
0.0615

MAPE
(%)
87.14
82.66

4. Conclusions and recommendation
Artificial neural network technique was used in
this paper for the prediction of solar radiation using
different types of PM2.5 and meteorological variables
for Western Cape, South Africa. The model
presented in this paper incorporated surface
temperature, specific humidity, wind speed, cloud
top pressure, precipitation, and the amount of sea
salt mass concentration of PM2.5 and dust mass
concentration of PM2.5 as input parameters, and
solar radiation as output. The results for the models
show good agreement between predicted and
measured values.
This research was built on two classifications of
inputs: ANN-D and ANN-S, involving integration of
dust surface mass concentration and sea salt
surface mass concentration respectively. Results of
statistical analysis show that the integration of sea
salt mass concentration of PM2.5 with meteorological
parameters gives a better performance than the
integration dust surface mass concentration in
predicting solar radiation for the coastal area. For
further studies, the use of a large dataset and other
SCT such as ANFIS and support vector machine
should be utilized to determine the model with better
prediction accuracy.
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The domestic burning of dirty fuels such as coal and biomass for energy has been
identified as one of the priority developmental challenges globally. The adoption of these
types of energy sources is more prevalent in low-income areas where energy poverty is
exacerbated by socio-economic limitations such as unemployment and poor
infrastructure. In 2015, Eskom, in cooperation with several organisations, initiated a pilot
study aimed at evaluating the feasibility of different interventions that are designed to
facilitate the household adoption of cleaner energy sources in KwaZamokuhle in the
Mpumalanga province. As part of the pilot study, 150 households were randomly
selected to test the interventions with an additional 20 households serving as the control
group. Each of the participating households was provided with either a ceiling or full
thermal insulation. In addition, each of the households received either an improved coal
stove (ICS), liquid petroleum gas (LPG) stove and heater, electric stove and heater, or a
pre-paid electricity voucher. This current study then aimed to evaluate the effectiveness
of these interventions by investigating the satisfaction levels and the determinants of
satisfaction levels of the participating households. For this study, questionnaire surveys
were conducted with 53 participant households which were purposefully selected from
Eskom’s pilot study cohort and a further 51 households which were randomly selected
from the whole community of KwaZamokuhle to form the control group. Results show
that households with LPG and electricity appliances have reduced reliance on coal for
cooking and space heating. However, households with ICS and electrical appliances
have the highest satisfaction levels. Household satisfaction levels are dependent on
factors such as the type of fuel-switching appliance received and household income
levels. The prioritisation of electrical stoves and heaters is recommended to maximise
the positive impact of the air quality offsets programme.
Keywords: household energy sources, interventions, satisfaction
1. Introduction
1.1. Background of the study
In 2015, Eskom, in cooperation with other
organisations, initiated a pilot study for an air
quality offsets project in KwaZamokuhle in the
Mpumalanga province, South Africa. The pilot
study was aimed at evaluating the feasibility of
different interventions that are designed to
facilitate the household adoption of cleaner
energy sources. KwaZamokuhle was chosen
for this project because it has one of the highest
levels of air pollution on the Highveld with
identifiable industrial and domestic point
sources. Approximately 74% of the households
in KwaZamokuhle rely primarily on coal as a
source of energy (Chidhindi et al. 2019).

households occupying formal subsidy housing,
which were divided into seven participant
groups, and an additional 20 households that
served as a control group. As illustrated in
Table 1 below, the interventions that were
allocated to participant households included an
improved low-emission coal stove (ICS), liquid
petroleum gas (LPG) stove and heater, electric
stove and heater, and a pre-paid electricity
voucher during winter months. Furthermore,
each dwelling was fitted with either an insulated
ceiling (basic retrofit) or an insulated ceiling and
insulation on three walls (full retrofit).

The pilot study for the air quality offsets
project included 150 randomly selected
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Table 1: The air quality offset intervention
combinations and the number of households
receiving each combination.
Full
retrofit

Basic
retrofit

Improved
coal
stove

20

20

40

LPG
stove
and
heater

20

20

40

Pre-paid
electricity
voucher

20

20

40

Electric
stove
and
heater

30

Total

90

Control

Total

30

60

20

20

20

170

1.2. Literature review
The demand and supply of clean energy for
household use have become a priority
developmental challenge worldwide (Crentsil et
al. 2019). Consequently, dirty energy sources
such as wood, coal, paraffin, and agricultural
waste are being used as sources of energy for
cooking and space heating, especially in lowincome areas. According to the World Health
Organization (WHO), a global estimate of 3
billion people rely on dirty energy sources
(WHO 2016).
The burning of dirty fuels emits a variety of
toxic pollutants that have negative health
impacts. Epidemiological studies show that the
domestic combustion of dirty fuels is linked to
the development of various illnesses and the
exacerbation of pre-existing illnesses. Some of
the illnesses that are associated with the use of
dirty fuels include acute respiratory infections,
chronic
obstructive
pulmonary
disease
(COPD), asthma, tuberculosis (TB), and lung
cancer (Capuno et al. 2016; Goldemberg et al.,
2018; Pratali et al. 2019). Other studies explore
impacts during perinatal (Yukra et al. 2014) and
postnatal stages (Capuno et al. 2016), and also
during the phases of early child development
(Ravindra et al. 2020). In worst cases, indoor air
pollution from the use of dirty fuels has been
linked with premature deaths. The World Health
Organisation (2016) estimates that, on a global

scale, indoor air pollution is responsible for 4.3
million premature deaths annually.
The use of clean energy at household level
is mainly dependent on two factors: the
accessibility and affordability of clean energy
sources. Access to clean energy is defined as
the uninterrupted availability of clean energy
resources such as electricity and gas (Sadath
and Achrya, 2017). In addition, the accessibility
of clean energy is dependent on adequate
infrastructure that will facilitate the distribution
of energy to individual households. Affordability
is another important determinant of the
adoption of clean energy sources. This is
commonly related to the economic capacity of
the household in terms of employment status
and income levels. The relationship between
household income and the adoption of clean
energy sources is commonly illustrated by the
energy ladder model (Wang et al. 2019). The
energy ladder model describes the adoption of
cleaner energy as a function of financial
capacity. In this model, income is directly
related to the use of cleaner energy in which
middle and high-income household use cleaner
energy sources whilst low-income households
predominantly rely on wood, coal and animal
waste for energy.
The energy ladder model is underpinned by
the assumption that affordability is the main
determinant of the household adoption of
cleaner energy and this presents some
shortfalls. Firstly, there is a variety of secondary
factors that affect the choice between different
energy sources. These include, among others,
the efficiency, durability, and safety of the
energy sources and personal preference.
Another limitation of the energy ladder is its
assumption that the shift towards the adoption
of cleaner energy is linear and unidirectional.
This suggests that as households’ income level
increases, households will move up the ladder
by adopting a new and cleaner energy source
and abandoning the ones they used before
(Van der Kroon et al. 2013).
As an alternative to the energy ladder model,
the energy stacking model postulates that the
shift between the different energy sources is
multidirectional and often with the simultaneous
use of different energy sources (Cheng and
Uperlainen 2014). The use of more than one
type of energy source is commonly referred to
as fuel stacking and it is encouraged by
different factors. Shankar et al. (2020) identify
three key drivers of fuel stacking at household
level. These include the affordability and
reliability of the supply of clean energy sources,
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and the disparity between energy sources and
household energy needs and preferences.

(Stats SA 2011), over 74% of the households
rely on coal for cooking and space heating
(Chidlhindi et al. 2019).

Given the extensive use of solid fuels for
domestic purposes and the wide range of
negative health impacts, there is an obvious
urgency to prioritise the management of indoor
air pollution. The approaches or interventions to
address indoor air pollution from the domestic
burning of solid fuels can be categorised into
five main groups: the adoption of improved
cooking and heating appliances, fuel switching,
improved housing, and behavioural and policy
reform. These
interventions
may
be
implemented independently depending on local
socio-economic and environmental settings,
however, they can be implemented jointly to
improve their effectiveness.
One of the key measures of the effectiveness
of clean energy interventions is their impact on
indoor air quality (Jagger et al. 2017). An
effective intervention is expected to reduce the
indoor concentration of pollutants after its
implementation. Furthermore, a change in the
prevalence of respiratory and related illnesses
can be seen as an indicator of success levels.
Other non-technical performance indicators
include the sustained use of the intervention
and the awareness and satisfaction levels of
the beneficiaries of the interventions (Tigabu
2017).
This study then aimed to evaluate the
effectiveness of clean energy interventions that
were provided as part of the air quality offsets
programme that was implemented in
KwaZamokuhle. This was done by investigating
the satisfaction levels and the determinants of
the satisfaction levels of the beneficiaries of the
interventions. Furthermore, the durability of the
thermal
insulation
and
fuel-switching
appliances was evaluated to inform future
decision-making processes and to improve the
implementation of similar projects.

2. Methodology
2.1. Study area
KwaZamokuhle is a low-income settlement
in the Mpumalanga province in South Africa
(Fig. 1). Located in the Steve Tshwete Local
Municipality, it forms part of the Highveld
Priority Area (HPA). According to the 2011
census data, KwaZamokuhle has 20 427
people with a population density of 5 395
persons/km2. 13,2% of the population do not
have a source of income and, although over
89.2% of households have access to electricity

Figure 1: The location of KwaZamokuhle in the
Mpumalanga Province.

2.2. Data collection and analysis
2.2.1.Data collection technique
Questionnaire
surveys
and
visual
observations were used as primary methods of
data collection. The questionnaire had four
main sections that addressed specific themes:
demographic details, energy use patterns, the
effectiveness of the interventions, and the
desirability of the interventions. The survey was
conducted from the 2nd March 2020 to 23rd
March 2020 by visiting individual households
with the aid of a language interpreter that was
present during all the visits to bridge the
language gap.

2.2.2. Sampling procedure
With the total population of 5 874 households
in KwaZamokuhle, the study used a sample
size of 104 households to give a confidence
level of 85% and a 10% margin of error. 53
households
formed
part
of
the
targeted/participant group that is part of the air
quality offsets programme while the other 51
households made up the neutral/control group.
The
53
participant
households
were
purposefully selected from the original cohort of
150 households that were given specific
interventions as part of the air quality offsets
programme and the 51 households that formed
the control group were randomly selected from
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Figure 2: The categorisation of research participants
in this project.

2.2.3. Data analysis
A range of descriptive statistical analyses
was performed on the data to explore the
distribution and central tendency of the data.
The study also employed a variety of
multivariate data analysis techniques to explore
and compare two or more variables for
relationships and dependency. The statistical
tests used include the Kruskal-Wallis rank-sum
test and the Spearman correlation test. The
probability level of 0.05 was used for all tests of
significance as commonly adopted by scientific
studies (Fraser 2019).

There is a difference in the household energy
use patterns for cooking and space heating.
Electricity is the most used fuel type for cooking
for all the participant groups. 76.9% of the
Voucher group primarily rely on electricity for
cooking which is similar to the Control group
(78.4%). However, 100% of the Electric
Appliance group, 69.2% of the ICS group and
50% of the LPG group use electricity as their
main source of energy for cooking (Fig. 3). The
energy use patterns of the Electric Appliances,
ICS and LPG are distinct from that of the
Control group and reflect the impact of fuelswitching appliances on households’ energy
use behaviour. The provision of electric
appliances had the greatest impact because all
the households in the Electric Appliances group
use electricity for cooking. In contrast, fewer
households in the ICS and LPG groups use
electricity for cooking. This can be attributed to
the purpose of the fuel-switching appliances
they received. The ICS and LPG groups each
received appliances that encourage the use of
coal and gas, respectively. Consequently, the
ICS group has the highest proportion of
households that use coal for cooking and the
LPG group has the highest proportion of
households that primarily rely on gas for
cooking.

Percentage of households (%)

the whole population of KwaZamokuhle. The
participant group had four subdivisions which
included the improved cookstove, electricity
voucher, and the electric appliances categories
each with 13 households and the LPG category
with 14 households (Fig. 2).

2.3. Research Ethics
This study was reviewed and approved by
the Senate Higher Degrees Committee [SHDC,
479/2019(9)] and the Faculty of Science Ethics
Committee (2019-10-10/Kelso_ Phogole) of the
University of Johannesburg.
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3. Results and Discussion

7,1

Participant group

3.1. The effectiveness of fuel-switching
interventions
The majority of the surveyed households in
KwaZamokuhle use a combination of different
energy sources (fuel stacking). Only 8.7% of
the households rely on a single type of energy
source to meet their energy demands. 34.6%
reported that they use two sources, 51% use
three sources and 5.8% of the households use
at least four different energy sources.

Electricity

Coal

LPG

Paraffin

Figure 3: Main sources of energy for cooking for
the different participant groups.
The disparities in the energy consumption
patterns between the different participant
groups is also evident in their use of energy for
space heating. The prevalent use of electricity
for cooking is sharply contrasted by the
extensive use of coal for space heating. Coal is
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Percentage of households (%)

the most widely used source of energy for
space heating by all the participant groups
except for the LPG and Electric Appliances
groups which mainly rely on gas and electricity,
respectively. 84,6% of the ICS group, 76,9% of
the Voucher group and 68,6% of the Control
Group primarily rely on coal for heating (Fig. 4).
Balmer (2020) states that the prevalent use of
coal in low-income areas of South Africa is
primarily driven by the low costs, availability
and dual-use nature of coal which can be used
both for cooking and space heating.
Accordingly, KwaZamokuhle is located in close
proximity to coal mines which increase the
availability and affordability of coal for domestic
consumption in the area. Although coal is easily
accessible in the local area, the Electric
Appliances and LPG groups have the least
proportion of households that use coal for
heating. Only 7.1% of the households in the
LPG group rely on coal for heating while 71,4%
of households use gas. Similarly, 15,4% of the
Electric Appliances group use coal for heating
as opposed to 61.5% of the households that
use electricity. This is indicative of the positive
impact of fuel-switching appliances in reducing
the household reliance on coal while promoting
the adoption of gas and electricity as alternative
clean energy sources.
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7,7

11,8
15,4
15,4
7,7
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The impact of the fuel-switching appliances
is also noticeable in the variations in the
households’ expenditure patterns on different
fuel types. Evidently, the overall expenditure on
electricity is low across all the participant
groups. This can be attributed to the high rate
of unemployment in the area and expenditures
on other sources of energy (fuel stacking).
However, the Electric Appliances group use the
most electricity among the participant groups
with 25% of the households spending at least
R350 per month on electricity during summer
seasons (Fig. 5-a). As expected, the Electric
Appliances group’s expenditure increases in
winter seasons with 50% of the group spending
at least R350 per month and 25% of the
households spending no less than R500 per
month on electricity (Fig. 5-b).
Given the nature of the appliances that were
provided to the ICS and LPG groups,
households in these two groups spend the least
on electricity during both summer and winter
seasons when compared to the Electric
Appliances and Control groups. However, the
ICS group and the LPG group spend the most
on coal and gas, respectively. 25% of the ICS
group spend no less than R200 on coal during
summer seasons and this increases to 50% of
the group that spend at least R200 on coal
during winter seasons. The provision of LPG
appliances facilitated the sustained expenditure
on gas for the LPG group. This is showed by
the high expenditure on gas by the LPG group.
Interestingly, the LPG group’s expenditure on
gas is consistent during both the summer and
winter seasons with a median expenditure of
R200. This can be attributed to the use of other
sources such as electricity and coal because,
although 71.4% of the LPG group rely on gas
for space heating (Fig. 4), 50% use electricity
for cooking (Fig. 3).

Participant group
Electricity

Coal

LPG

Paraffin

None

Figure 4: Main sources of energy for space heating
for the different participant groups.
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(a)

(b)

Figure 5: Boxplots of monthly expenditure on electricity during (a) summer seasons and (b) winter seasons for
the Improved Coal Stove (ICS), Liquid Petroleum Gas (LPG), Pre-paid Voucher (Voucher), Electric Appliances
(Electric_App), and Control groups.

3.2. Satisfaction levels
One of the key indicators of the effectiveness
and success of a project is the satisfaction level
of the project participants or beneficiaries.
Figure 6 shows the satisfaction level of
households that received fuel-switching
appliances as part of the air quality offsets
project. It is found that there is a significant
difference in the satisfaction levels of the
groups (Kruskal-Wallis rank-sum test: p-value =
0.009734) with the Electric Appliances group
being the most satisfied. The ICS group also
has high satisfaction rates but the LPG group,
in contrast, has the lowest satisfaction levels
among the three groups, although satisfaction
is still relatively high with 75% of households
giving a score of at least 7 out of 10.

Figure 6: A boxplot of the satisfaction levels of the
different participant groups with fuel-switching
appliances.
Different reasons were provided to explain
the level of satisfaction with different
appliances. For the Electric Appliances group,
the electric stove was mostly praised for its
physical attractiveness and dual-purpose
nature which can be used for both cooking and
baking. A large proportion of the Electric
Appliances group (61.5%) stated that the
electric heater was not producing enough heat,

however, surprisingly, this did not negatively
affect their satisfaction levels with the
appliances. Similar to the electric stove, the
dual-purpose nature of the improved coal stove
was also acknowledged by the ICS group.
“Ungapheka usabeke amanzi okugeza” said
one of the research participants which means
that you can cook while boiling water for
bathing. The LPG group identified several
advantages of using their appliances. They
reported that the LPG stove is quicker, can be
used for both cooking and baking, and it is also
available to use during electricity outages.
However, two main limitations were provided
with regards to the use of LPG appliances.
Firstly, it was stated that these appliances are
not strong enough and break easily. Another
reason was that, although households were
given training on how to safely operate LPG
appliances (Eskom, 2015), 64.3% of the LPG
group do not feel safe when using gas and,
consequently, they would have preferred to
receive different appliances. The fear of using
gas is common in many households due to the
danger of accidents associated with using gas
(Rao et al. 2020). Notwithstanding these fears,
there have not been any accidents reported by
the households relating to the use of gas for
domestic cooking and space heating.
The household income level was evaluated
as one of the potential determinants of
satisfaction levels. The negative relationship
that is depicted below (Fig. 7) indicates that
household
income
level
is
inversely
proportional to satisfaction level (Spearman
correlation coefficient = - 0.15). This suggests
that low-income households are more satisfied
with the appliances when compared to highincome households. Low-income households
are commonly dissatisfied with their standard of
living which is partly attributed to the fuel type
they use (Mgwambani et al. 2018) and,
consequently, interventions to improve their
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energy use patterns have the potential to
improve their satisfaction levels by improving
their standard of living.
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Figure 7: The relationship between household
income levels and satisfaction levels.

0,0
ICS

3.3. The durability of the fuel-switching
appliances and thermal insulation

LPG
stove

LPG Electric Electric
heater stove heater

Type of appliance

The durability and longevity of the fuelswitching appliances and thermal insulation
were investigated. Three questions were used
to guide the assessment of the durability of the
fuel-switching appliances: are all working parts
of the appliance still in their original place? Is
there evidence of the device having been
recently used? And is the appliance still
functioning? Most of the LPG and electric
appliances have all their working parts in place
but only 41.7% of the ICS have all their working
parts in place (Fig. 8). Despite the deterioration
of the quality of the ICS, 100% of the stoves are
still functional with 91.7% showing signs of
having recently being used. Similarly, a large
number of Electric stoves (92.3%) show
evidence of having been recently used. The
majority of all the appliances are still working
but only 15.4% of the electrical heaters are
being used as compared to 58.3% of the LPG
heaters. The use of space heaters is seasonal
and are mostly used in winter. Data for this
study was collected during the summer
seasons and therefore, it is acknowledged that
this may vary at different times of the year.

All working parts in place

Recently used

Functioning

Figure 8: Observations of the durability of the
improved coal stove (ICS), liquid petroleum gas
(LPG) stove and heater, and the Electric stove and
heater.
The durability of the ceiling insulations was
investigated by observing the prevalence of
stains, cracks, holes and evidence of
collapsing. The majority of the ceilings have
stains and cracks but with little evidence of
collapsing. 47.2% of ceiling insulations have
minor cracks and 26.4% have major cracks
(Fig. 9). Minor stains were found on 39.6% of
the ceilings whilst major stains were found on
30.2% of the ceilings. 41.5% of the ceiling had
minor holes as compared to 22.6% that have
major holes. Most ceilings showed no sign of
collapsing, except for 15.1% of the ceilings
which did indicate major possible collapse. The
high prevalence of stains and smudges with
little evidence of collapsing suggest that the
deterioration of the condition of the ceilings is
primarily driven by the quality of the house and
roof. This is also highlighted by the prevalence
of stains (41.2%), holes (41.2%), and gaps
(37.3%) on the roofs of the houses of the
Control group.
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Percentage of ceiling insulations(%)

60,0

recommendations to improve the effectiveness
of the implementation of the air quality offsets
programme are listed below.

54,7
47,2

50,0

41,5

40,0

39,6
35,8
30,2

30,0 26,4

30,2

•

The provision of LPG and electric
appliances has resulted in a significant shift
away from the use of coal for cooking and
space heating, however, this transition is
not reflected in the households that
received the pre-paid electricity voucher.
Given the successful impact of the
electrical appliances, the project may
magnify this impact by prioritizing the
provision of electric appliances instead of
just the pre-paid voucher.

•

There are safety concerns among the
households that received LPG appliances.
64.3% of the households in the LPG group
stated that they are concern with their
safety when using gas. Given that there
have not been any gas-related accidents
that were reported, this may suggest that
adequate training was provided for these
households, however, additional education
and awareness initiatives may be
necessary to address the entrenched
phobia of using gas in the area.

•

61.5% of the households that received
electric appliances highlighted their
dissatisfaction with the heating capacity of
the electric heater. Therefore, the type of
heater that is selected for this project need
to be reconsidered in close consultation
with the participant households to ensure
that they are satisfied with the performance
of the appliances.

30,2

26,4
22,6

20,0

15,1

10,0
0,0

Cracks

Holes

Collapse

Stains

Parameter
None

Minor

Major

Figure 9: The occurrence of cracks, holes, stains,
and signs of collapse on the ceiling insulation (see
Appendix A for a detailed description of the figure
legend).

4. Conclusions and Recommendations
The air quality offset project has made a
significant impact in promoting the adoption of
clean energy sources in KwaZamokuhle. Most
notably, the households that were provided with
LPG and electricity appliances have shown
reduced reliance on coal for cooking and space
heating. More so, it has also encouraged the
long-term use of gas and electricity as a clean
alternative to using electricity. This is primarily
shown by the reduced expenditure on coal and
concomitant high expenditure on gas and
electricity for the LPG and Electric Appliances,
respectively.
This study also found that the households
satisfaction levels are different depending on
the type of fuel-switching appliances they
received. Although the satisfaction levels of all
participant households are relatively high, the
households that received the electric
appliances are most satisfied and least reliant
on coal for cooking and space heating. The
LPG group is comparably the least satisfied
among the groups, however, 71.4% of the
households with LPG appliances are still using
gas instead of coal as their main source of
energy for space heating which highlights the
long-term adoption of the fuel-switching
appliances. The pre-paid electricity voucher
group, in contrast, had similar energy
consumption patterns with that of the Control
and ICS groups which are characterised by
high reliance on coal. In this regard,
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Appendix A
Description of the legend for Figure 9
Parameter

None

Cracks

Minor
1 - 5 cracks per ceiling
unit (room)
or

No cracks

or
Cracks 10 cm or less in
length
1 - 5 holes per ceiling
unit (room)

No
holes
perforations

Holes and Perforations

or

Not
sinking
collapsing

Stains/Discolorations
rotting/ infestation

/

Cracks more than 10
cm in length
More than 5 holes
per
ceiling
unit
(room)

or
or
Holes 5 cm or less in
diameter

Sinking or collapse

Major
More than 5 cracks
per
ceiling
unit
(room)

or

No
discoloration,
rotting or infestation
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Sank 10 cm or less
from
its
original
position
1 - 5 discoloured /
infested spots per
ceiling unit (room)

Holes more than 5
cm in diameter
Sank more than 10
cm from its original
position
More
than
5
discoloured
/
infested spots per
ceiling unit (room)

or
or
Discoloured / infested
area with a diameter of
5 cm or less

Discoloured
/
infested area with a
diameter of more
than 5 cm
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South Africa’s coal-fired power stations release large quantities of NOx and SO2 which form
secondary PM2.5. PM2.5 has been proven harmful to health and causes premature mortalities due
to lung infections, cardiovascular disease, strokes and cancer. Studies on exposure to PM2.5 from
coal-fired power stations have significantly different results in terms of health outcomes. Previous
studies have taken exposure-response functions (linear-exponential and log-linear) derived from
the relationship between total ambient PM2.5 concentrations and health outcomes, and applied
them to one component of PM2.5 mass (secondary aerosols from coal-fired power stations). In this
study, we propose a new method for calculating health outcomes from one component of PM 2.5,
called the proportional log-linear approach. Using this new approach, total premature deaths from
exposure to ambient PM2.5 levels are first calculated, and then the proportion attributable to the
coal-fired power stations assigned. Ambient PM2.5 concentrations are estimated using a land use
regression model considering socioeconomic factors related to PM2.5, and secondary PM2.5
concentrations from coal-fired power stations are obtained from dispersion modelling. The
proportional log-linear approach estimates 813 premature deaths related to PM2.5 from coal-fired
power stations exposure in the Highveld and Waterberg regions, whilst the linear-exponential RR
model estimated 1 147 premature deaths. We recommend that when ambient PM2.5
concentrations exceed 30 μg/m³, the proportional log-linear model should be used when
calculating health outcomes attributable to one component of PM2.5 mass.
Keywords: PM2.5, integrated-exposure response function, proportional log-linear approach,
relative risk models, health outcomes, coal-fired power stations.
1

Introduction

In 2012, PM2.5 was responsible for 3 million
premature deaths globally (Lelieveld, et al.,
2015). PM2.5 refers to particulate matter with an
aerodynamic diameter of 2.5 micrometre’s or less
(WHO, 2013). PM2.5 is linked to various health
impacts including diabetes mellitus, lung cancer
(LC), stroke ischemic heart disease (IHD) and
chronic obstructive pulmonary disease (COPD)
(Pope III, et al., 2011; WHO, 2013 & Burnett, et
al., 2014).
PM2.5 concentrations vary across countries and
regions within countries. Cities and low-income
communities in developed countries typically
have lower PM2.5 concentrations compared to
those in developing countries (Burnett, et al.,
2014). Low-income communities in developing
countries often rely on domestic fossil fuel
combustion for heating and cooking which results

in high indoor PM2.5 concentrations and
contributes to ambient concentrations (van den
Berg, 2015 & Wernecke, 2018) (Hersey, et al.,
2015). This results in great differences in PM2.5
concentrations observed between communities
in developed and developing countries.
Relative risk (RR) refers to the probability of being
diagnosed with a certain illness when exposed to
certain concentrations of a pollutant for a certain
period of time compared to the probability of
being diagnosed with the illness in the absence
of exposure. The linear-exponential relative risk
model assumes that the relationship between
PM2.5 and health risk is linear at low
concentrations and increases exponentially at
higher concentrations (Fig. 3) (Krewski, et al.,
2009). A recent study by Pope III et al. (2013) has
shown that the relationship between PM2.5 and
health risk follows a log-linear shape and has
recommended integrated-exposure response
functions. The log-linear relative risk model
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assumes health risk to PM2.5 exposure increases
rapidly at low concentrations and gradually
flattens at higher (Fig. 1) (Pope III, et al., 2011).
In South Africa, studies have been done to
estimate premature deaths attributable to coalfired power stations as a single source of PM2.5
(Table 1). The studies have provided different
results in terms of estimated premature deaths.
This inconsistency in estimated premature
deaths makes it difficult to know the number of
people affected by PM2.5 from coal-fired power
stations and also reduces the confidence of
officials to make decisions based on literature.
Langerman & Pauw (2018) have ascribed these
differences to high counterfactual concentrations
used leading to premature deaths at low PM2.5
concentrations not being included and the
geographical area covered by each study which
determines the total exposed population
included. The studies have considered a different
number of coal-fired power stations with
dispersion models simulated for those stations’
emissions for different years.
Table 1: Estimated premature deaths in South
Africa attributable to exposure to PM2.5
emanating from coal-fired power stations
estimated by different studies.

counterfactual concentration equivalent to the
minimum PM2.5 concentration measured in the
study where the relative risk factor of exposure to
PM2.5 is 1 (i.e. there is no additional risk from
exposure). The IER log-linear RR models has a
counterfactual concentration of 7.3 μg/m³ and the
linear-exponential RR model has a counterfactual
concentration of 10 μg/m³ (Krewski, et al., 2009;
Pope III, et al., 2011). We question whether it is
suitable to apply these exposure-response
functions to a subset of total PM2.5 levels, at
concentrations
usually
less
than
the
counterfactual concentrations. Instead, we
propose an integrated-exposure response
proportional log-linear approach to allow the
application of the calculation of premature deaths
attributable to one component of total ambient
PM2.5. The previous studies (Table 1) have
implicitly assumed that premature deaths
attributable to each component of PM2.5 can be
calculated, and then added to obtain the total
number of premature deaths due to PM2.5
exposure. However, because the exposureresponse relationship is non-linear, this is not the
case, and results in an over-estimation of total
premature deaths due to PM2.5. This is illustrated
in Table 2.

van Horen (1996)

Estimated
premature
deaths per year
174

Table 2: Premature deaths calculated assuming
a population of 100 000 people is exposed to
certain concentrations of PM2.5 for a year. Causes
of death included are IHD, COPD, LC and Stroke.

Scorgie et al. (2004)

10

PM2.5 source

Scorgie
&
Thomas
(2006)
Myllyvirta (2014)

17

Grobler (2016)

57

Prime Africa (2019)

574

Publication

PM2.5
concentration
(μg/m³)
40

loglinear
RR
model
105

linearexponential
RR model
182

Proportional
log-linear
approach
56

Component 1

2

9

8

0

Component 2

2

9

8

0

Component 3

6

27

25

4

Component 4

10

52

41

13

Component 5

20

77

85

38

Total

40

172

167

56

Ambient PM2.5
(5
components)

2 238

Another reason for the differences in the results
of these studies is the different exposureresponse functions used. Exposure-response
functions are traditionally developed based on the
correlation between measured (usually annual
average) ambient PM2.5 concentrations and the
observed incidence of disease in the exposed
population. They are valid over the range of
observed PM2.5 concentrations, and there is a
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Premature deaths per 100 000 people

Premature deaths are calculated for illustration
purposes by assuming a population of 100 000
people is exposed to PM2.5 of varying
concentrations for a year (Fig. 1). The rapid
increase in premature deaths at low
concentrations of PM2.5 estimated by the loglinear RR model is illustrated.
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2.1

Study area

The study area includes the Highveld Priority
Area, Waterberg-Bojanala Priority Area, Vaal
Triangle Airshed Priority Area, parts of Free
State, North West, Limpopo, Mpumalanga and
the whole of Gauteng (Fig. 2). In total the study
area has 1306 wards. The study area site was
selected based on the location of all coal-fired
power plants on the Highveld and in Limpopo.
Areas beyond the escarpment were excluded as
aerosols are unlikely to flow down the
escarpment (Freiman & Piketh, 2002). The study
area does not cover the whole of South Africa as
the Myllyvirta (2014) study does, however, it
covers a larger area than Prime Africa’s (2018)
study.

43

PM2.5 (μg/m³)
log-linear RR model
linear-exponential RR

Figure 1: An illustration of premature deaths
calculated assuming a population of 100 000
people is exposed to certain PM2.5 concentrations
for a year. Causes of death included are IHD,
COPD, LC and Stroke.
Between 8 and 10 μg/m³ there is a rapid increase
in estimated premature deaths estimated by the
IER log-linear RR model which exceeds
premature deaths estimated by the linearexponential RR model (Fig. 1)

Figure 2: Study area where emissions from coalfired power stations potentially pose a health risk.

2

2.2

Methodology

The IER log-linear RR model and linearexponential RR model are applied to estimate
premature deaths attributable to ambient and
coal-fired power stations’ PM2.5 exposure.
Ambient PM2.5 concentrations are determined
from development of a land use regression model
through the use of SAAQIS PM2.5 and PM10
station measurements and socioeconomic
factors related to PM2.5 concentrations. Coal-fired
power stations’ PM2.5 is extracted from
Myllyvirta’s (2014) report as a dispersion model
developed based on the Zhou et al (2006) model.
Premature deaths estimated by the IER log-linear
and linear-exponential RR model from ambient
and coal-fired power stations’ PM2.5 exposure are
compared.

Land use regression modelling

Due to the scarcity of ambient PM2.5
measurements in South Africa, a land use
regression model is developed to estimate
ambient PM2.5 concentrations within the study
area. The land use regression model is
developed from socioeconomic factors obtained
from StatsSA as collected by CENSUS 2011. The
socioeconomic factors for the year 2011 are
obtained based on 2011 ward boundaries and
include: household income, household fuel used
for heating, household fuel used for cooking,
household, household dwelling type and gender
of household head.
PM2.5 annual averages were calculated for 38
ambient air quality monitoring stations from
SAAQIS for 2010 - 2013. 12 out of the 38 stations’
annual measurements were PM10 which was
converted to PM2.5 by multiplying the PM10 in
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each station with the average PM2.5/PM10 ratio at
each station. The significance of the relationship
between each socioeconomic factor and PM2.5
concentrations is tested using multivariate
regression and the Pearson correlation results.
Variables with the most significant Pearson
correlation with PM2.5 were selected. The PM2.5
station measurements and the selected variables
were regressed in a multivariate regression to
acquire the function which defined the land use
regression model. The land use regression model
was verified against the six multivariate
regression assumptions recommended by IBM
(2019). The land use regression model is
developed from the unstandardized coefficients
(constants) provided in the coefficients results of
the multivariate regression of PM2.5 and selected
variables (Equation 1).

2 or more concentration zones were assigned
with the average of the concentration zones.

𝑃𝑀2.5𝑐𝑜𝑛𝑐 = 𝑐0 + 𝑐1 ∗ 𝑏1 + 𝑐2 ∗ 𝑏2 + 𝑐3 ∗ 𝑏3 …
(1)
Where:
𝑃𝑀2.5𝑐𝑜𝑛𝑐 = dependent variable
𝑐0, 𝑐1, 𝑐2 … = constants
𝑏1, 𝑏2, 𝑏3 … = socioeconomic variables
The socioeconomic factors applied in the model
consider domestic sources of PM2.5, however,
other sources including industries and vehicle
emissions near busy roads are not considered.
PM2.5 concentrations near busy roads may be
underestimated. Secondary PM2.5 emissions
from industries and vehicle emissions are
accounted for in the 𝑐0 value (Equation 1).

2.3

Coal-fired power stations’ PM2.5
concentrations

The Zhou et al (2006) dispersion model from
Myllyvirta (2014) was used to represent PM 2.5
concentrations from coal-fired power stations.
The dispersion model output was acquired as an
image from Myllyvirta (2014), georeferenced on
to South Africa and then classified using the
support vector machine in ArcGIS from 10
training samples. The classified result was
assessed for accuracy, then vectorized and
classes were assigned with the respective
concentrations (Fig. 3). Wards which were within

Figure 3: (a) Predicted annual average PM2.5
concentrations due to emissions from large coalfired power station using the Zhou et al. (2006)
model, as in Myllyvirta (2014), already
georeferenced, vectorized and concentrations
values applied, (b) Zhou et al. (2006) model PM2.5
concentration predictions clipped and merged
with study area wards and colour scale changed
(c) Zhou et al. (2006) model PM2.5 concentration
values assigned into wards.

2.4

Data used

In estimating premature deaths attributable to
PM2.5 the following illnesses are considered:
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ischemic heart disease (IHD), stroke, chronic
obstructive pulmonary disease (COPD) and lung
cancer (Burnett, et al., 2014; WHO, 2013; Pope
III, et al., 2011). The population incidence of
disease in South Africa was acquired from the
Global Burden of Disease study for the latest year
available which was 2017 (Table 3).
Table 3: Population incidence of disease in South
Africa (GDB, 2017).
Cause of death

Ischemic heart disease
Stroke
COPD
Lung cancer

Population
incidence of
disease
0.0005
0.0008
0.0005
0.0001

Figure 4: Comparison between the linearexponential relative risk model (dashed lines)
(Krewski, et al., 2009) and the log-linear relative
risk model (solid lines) (Burnett, et al., 2014).
Ischemic heart disease = (IHD) and chronic
obstructive pulmonary disease = (COPD).

Currently 2011 census data is the latest year with
population per ward from StatsSA. 2019
population per ward was estimated by multiplying
the 2011 population per ward by the average
district municipal population growth factor over
the period.
Table 4: IER log-linear and linear-exponential RR
per 10 μg/m³ increase in annual average PM2.5
(Krewski, et al., 2009).
Cause of death

Linear-exponential RR

IHD

Log-linear
RR
Proportional
log-linear
approach;
Gary (2019)
1.30

Stroke

1.19

1.12

COPD

1.13

1.05

LC

1.06

1.14

Study

Myllyvirta,
2014

Prime
Africa,
2018

1.26

Diabetes Mellitus

1.13

Cerebrovascular
disease
Respiratory
mortality (SO2)
Cardiovascular
mortality (NO2)

1.11
1.01
1.02

Both the IER log-linear and linear-exponential
exposure-response functions exhibit somewhat
similar relative risk at low PM2.5 concentrations
(Fig. 4). However, at higher concentrations the
difference becomes apparent as the IER loglinear model remains under a RR of 2 for IHD
whilst the linear-exponential RR for IHD reaches
8 at an annual average PM2.5 concentration of 90
μg/m³. The IER was developed from assessment
of PM2.5 health impacts at high annual
concentrations of PM2.5 ranging between 0 and
540 μg/m³ (Pope III, et al., 2011). Whilst health
impacts for the linear-exponential RR model were
developed from environments with annual
concentrations of PM2.5 ranging between 5 and
30 μg/m³ (Burnett, et al., 2014).
The IER log-linear function’s ability to estimate
health impacts at high PM2.5 concentration allows
the function to be applicable in developing
countries with heavily air polluted areas where
PM2.5 exposure poses a greater health threat
such as the Vaal Triangle Airshed Priority Area in
South Africa where annual concentrations
exceed 40 μg/m³ (van den Berg, 2015).

2.5

Estimating premature deaths with the
log-linear RR model

In the application of the IER function for ambient
PM2.5 concentrations (Equation 2) with the loglinear RR model, the attributable fraction (𝐴𝐹) is
calculated as
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𝐴𝐹 = 𝑅𝑅𝑙𝑜𝑔−𝑙𝑖𝑛 −

1
𝑅𝑅𝑙𝑜𝑔−𝑙𝑖𝑛

,

where 𝑅𝑅𝑙𝑜𝑔−𝑙𝑖𝑛 is equal to the log-linear relative
risk.
The exposure-response function is calculated as

these deaths to coal-fired power stations is
ascribed based on the fraction of PM 2.5 that coalfired power stations contribute to the total
ambient PM2.5 concentration (Equation 3).
𝐶𝐹𝑃 𝑝𝐷𝑒𝑎𝑡ℎ𝑠 = [𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑝𝐷𝑒𝑎𝑡ℎ𝐼𝐸𝑅 𝑙𝑜𝑔−𝑙𝑖𝑛 ∗
𝐶𝐹𝑃 𝑃𝑀2.5

ERF = 𝐴𝐹 * 𝑖𝑛𝑐𝑖𝑑,

𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑃𝑀2.5

where 𝑖𝑛𝑐𝑖𝑑 equals to the population incidence of
disease.
Premature deaths are calculated as
𝑝𝐷𝑒𝑎𝑡ℎ = 𝐸𝑅𝐹 ∗ 𝑝𝑜𝑝 𝑠𝑖𝑧𝑒,
where 𝐸𝑅𝐹 is equal to exposure-response
function.
𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑝𝐷𝑒𝑎𝑡ℎ = [((𝑅𝑅𝑙𝑜𝑔−𝑙𝑖𝑛 −

1
𝑅𝑅𝑙𝑜𝑔−𝑙𝑖𝑛

𝑖𝑛𝑐𝑖𝑑) ∗ 𝑝𝑜𝑝 𝑠𝑖𝑧𝑒]

] (3)

Where:
𝐶𝐹𝑃 𝑝𝐷𝑒𝑎𝑡ℎ𝑠 = premature deaths
attributable to coal-fired power stations’ PM2.5
exposure
𝐶𝐹𝑃 𝑃𝑀2.5 = PM2.5 (μg/m³) from
coal-fired power stations
A𝑚𝑏𝑖𝑒𝑛𝑡 𝑃𝑀2.5 = Land use regression
model estimated PM2.5 (μg/m³)

)∗
(2)

𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑝𝐷𝑒𝑎𝑡ℎ𝐼𝐸𝑅 𝑙𝑜𝑔−𝑙𝑖𝑛 = Premature deaths
attributable to ambient PM2.5 exposure.

2.6

Where:
𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑝𝐷𝑒𝑎𝑡ℎ = premature deaths
attributable to ambient PM2.5 exposure
𝑅𝑅𝑙𝑜𝑔−𝑙𝑖𝑛 = log-linear relative risk
𝑖𝑛𝑐𝑖𝑑 = Population incident of disease

Estimating premature deaths with the
linear-exponential RR model.

Premature deaths attributable to PM2.5 from coalfired power stations are estimated using the
linear-exponential RR model (Equation 4). The
linear-exponential RR model is applied to
compare premature deaths estimated by it and
the log-linear RR model.

𝑝𝑜𝑝 𝑠𝑖𝑧𝑒 = size of population exposed
𝐴𝑚𝑏𝑖𝑒𝑛𝑡/𝐶𝐹𝑃 𝑝𝐷𝑒𝑎𝑡ℎ = [((𝑅𝑅𝑙𝑖𝑛−𝑒𝑥𝑝 −
The IER log-linear was developed at high PM2.5
concentrations. In order to assess premature
deaths attributable to a single source of PM2.5 that
contributes a small amount of PM2.5 into ambient
concentrations, the proportional log-linear
approach is developed. Due to the rapid increase
in RR at low PM2.5 concentrations in the IER loglinear RR model, summing premature deaths
attributable to all single sources of PM2.5 would
overestimate premature deaths (Table 2).

1
𝑅𝑅𝑙𝑖𝑛−𝑒𝑥𝑝

) ∗ 𝑖𝑛𝑐𝑖𝑑) ∗ 𝑝𝑜𝑝 𝑠𝑖𝑧𝑒]

(4)

Where:
𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑝𝐷𝑒𝑎𝑡ℎ = premature deaths
attributable to ambient PM2.5 exposure
𝐶𝐹𝑃 𝑝𝐷𝑒𝑎𝑡ℎ𝑠 = premature deaths
attributable to coal-fired power stations’ PM2.5
exposure
𝑅𝑅𝑙𝑖𝑛−𝑒𝑥𝑝 = linear-exponential relative risk

Proportional
log-linear
approach
allows
determination of premature deaths attributable to
one component of PM2.5. The proportion loglinear approach is applied to the calculated
premature deaths from exposure to ambient
PM2.5 concentrations and then the proportion of
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𝑖𝑛𝑐𝑖𝑑 = Population incident of disease
𝑝𝑜𝑝 𝑠𝑖𝑧𝑒 = size of population exposed

𝑥1 = Population density (number of
people/km2)

Population-weighted PM2.5 (μg/m³)

45

𝑥2 = Households with no income (%)
𝑥3 = Households using paraffin for
cooking (%)
𝑥4 = Traditional dwellings (%)
The r-squared of the model is 0.558 with two
outliers excluded (Diepkloof station with annual
average PM2.5 concentration of 120 μg/m³ and
Pretoria West with PM2.5 concentration of 68
μg/m³), and it is 0.674 with the outliers included.
This means 56% of the observed variance in
ambient PM2.5 in the study can be explained by
the socioeconomic factors used.
The relationship between Traditional dwellings
and PM2.5 is inverse with the one outlier included
the PTA west station (-7.46 coefficient value).
With both outliers included (PTA West &
Diepkloof) the relationship is positive with a
coefficient value of 4.509.
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Sekhukhune

Fezile Dabi

0

Sedibeng

Where:

West Rand

𝑃𝑀2.5
= 13,51 + (0.001 ∗ 𝑥1) + (82,44 ∗
𝑥2) + (21,99 ∗ 𝑥3) + (1.97 ∗ 𝑥4)
(5)

Some
of
the
highest
ambient
PM2.5
concentrations are found in Gauteng and the two
priority areas (Fig. 5). The western regions of
Mpumalanga
have
moderate
PM2.5
concentrations with the interior of the province
having lower PM2.5 concentrations.

Ekurhuleni

(𝑢𝑔/𝑚3 )

City of Tshwane

Land use regression

The land use regression model derived using the
socioeconomic variables that have the highest
correlation with PM2.5 concentrations is:

and blue boundaries indicate the Highveld priority
area (HPA), Waterberg-Bojanala priority area
(WBPA) and Vaal Triangle airshed priority area
(VT APA), respectively. Black lines are provincial
boundaries.

City of Johannesburg

3.1

Results

Thabo Mofutsanyane

3

Limpopo MpumalangaNorth West

Figure 6: Ambient population-weighted annual
average concentrations of PM2.5 per district
estimated using the land use regression model’s
PM2.5 values per ward.
On average districts in Gauteng have some of the
highest ambient PM2.5 concentrations (Fig. 6). In
2011, 20.4% of Gauteng’s households were
classified as informal (StatsSA, 2018) (this
proportion has remained unaltered, at 19.8% in
2018), and this may be a contributing factor.
Gauteng has the highest population density of all
the provinces in the South Africa with 835 people
per square kilometre (StatsSA., 2019).

Figure 5: Annual average PM2.5 concentrations
(μg/m³) per ward estimated by the land use
regression model over the study area. Green, red
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3.2

the Nkangala District Municipality has eight coalfired power stations. The smaller coal-fired power
stations in Gauteng are not included in the
dispersion modelling, and the secondary PM2.5
from coal-fired power stations are transported
from Mpumalanga and the northern Free State.

Ground-level PM2.5 concentrations
from coal-fired power stations

Population-weighted PM2.5 (μg/m³)

1,8
1,6
1,4

1,2

3.3

1

0,6
0,4
0,2

Ngaka Modiri Molema

Bojanala

Dr Kenneth Kaunda

Nkangala

Ehlanzeni

Gert Sibande

Waterberg

Capricorn

Sekhukhune

Sedibeng

Gauteng

West Rand

Ekurhuleni

City of Tshwane

City of Johannesburg

Fezile Dabi

Thabo Mofutsanyane

0

Free State

Limpopo MpumalangaNorth West

Figure 7: Population-weighted coal-fired power
stations’ secondary PM2.5 concentrations per
district. PM2.5 concentrations are from the Zhou et
al. (2006) model as run by Myllyvirta (2014). 2011
census population is applied as a weight to PM2.5
concentrations.
The highest concentrations of PM2.5 from coalfired power stations are in Mpumalanga (Fig. 7)
because Mpumalanga has the highest number of
coal-fired power stations. The Gert Sibande
District Municipality in Mpumalanga has four coalfired power stations located in its boundaries and
Relative risk model
PM2.5 values
IHD
IER Log-linear RR

Ambient PM2.5
(LUR)
Linear-exponential
Ambient PM2.5
RR
(LUR)
Proportional logCFP (Zhou et al.
linear approach
2006)
Exponential-linear
CFP (Zhou et al.
RR
2006)
CFP = Coal-fired power stations.

Premature deaths

The number of annual premature deaths in the
study region from PM2.5 from coal-fired power
stations estimated using our proportional loglinear approach is 813 (Table 5). The number of
premature deaths calculated using the linearexponential RR model is 1 147, which is 41%
more than using the proportional log-linear
approach.

0,8

The log-linear RR model estimated fewer
premature deaths to exposure to total ambient
PM2.5 levels (23 071 premature deaths annually,
compared to 38 959 deaths according to the
linear-exponential RR model) (Table 5). At low
concentrations the percentage difference
between the two models is very low. For ambient
PM2.5 levels of less than 30 μg/m³, the difference
between the number of premature deaths
calculated with the log-linear and linearexponential methods is small (less than 30%),
while. the percentage difference is higher at high
PM2.5 concentrations (>80 μg/m³) (Figure 8).
Table 5: Premature deaths estimated by the
linear-exponential and log-linear RR model.
Premature deaths
Stroke

COPD

LC

Total

11 923

6 949

3 030

1 169

23 071

25 650

8 600

1 839

2 870

38 959

423

245

105

40

813

719

277

61

91

1 147
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Emissions from coal-fired power stations
contribute between 1.8% and 5.6% of all deaths
attributable to PM2.5 exposure in the study area
(Fig. 9). Coal-fired power station emissions
contribute a relatively higher proportion of
premature deaths in the Mpumalanga Highveld
and northern Free State, where ambient
concentrations of PM2.5 derived from coal-fired
power stations are higher.

300

5%

250

Percentage of premature deaths
contributated by CFP PM2.5 to premature deaths attributable to
ambient PM2.5 exposure
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Figure 9: Number of premature deaths due to
PM2.5 from coal-fired power stations and
percentage of premature deaths from coal-fired
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Figure 8: Premature deaths per ward estimated
by IER log-linear and linear-exponential RR
model attributable to annual ambient PM2.5
concentrations, and percentage difference
between the number of premature deaths
calculated using the two models.
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Premature deaths
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Premature deaths

500

Percentage difference

175%

600

Limpopo MpumalangaNorth West

Percetnage of PM2.5 from CFP out of ambient (LUR) PM2..5

power stations’ PM2.5 relative to premature
deaths from ambient PM2.5 exposure. CFP =
Coal-fired power stations.

700

Premature deaths estimated using the IER log-linear RR model
Premature deaths estimated using the linear-exponential RR model
Percentage of CFP's PM2.5 out of ambient PM2.5

Figure 10: Number of premature deaths due to
PM2.5 from coal-fired power stations and
percentage of premature deaths from coal-fired
power stations’ PM2.5 relative to premature
deaths from ambient PM2.5 exposure with the
proportion of PM2.5 contributed by coal-fired
power stations into ambient concentrations. CFP
= Coal-fired power stations.
PM2.5 emissions from coal-fired power stations
contribute the highest in Mpumalanga, Free state
and Gauteng (Fig. 10). Areas whereby coal-fired
power stations’ PM2.5 contribute a high proportion
of premature deaths expectedly also have high
coal-fired power stations PM2.5 concentration
contribution to ambient PM2.5 (Fig. 9 & 10).

4

Discussion

Premature deaths from coal-fired power stations’
PM2.5 exposure from different studies are
compared in this study with the premature deaths
estimated by the proportional log-linear
approach. The proportional log-linear approach is
for application when a single source of PM2.5 is of
interest, and its contribution to ambient PM2.5
levels is less than the counterfactual
concentration
for
the
exposure-response
function.
Table 6: Percentage of premature deaths due to
exposure to secondary PM2.5 from coal-fired
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power stations out of the net population used in a
study.
Study

Relative risk
model

Study area

Health outcomes

Population
used in
study

Premature
deaths

This study

Proportional
log-linear
approach

Whole of
Gauteng, VT
APA, HPA
WBPA,
Parts of
North West,
Free state,
Limpopo and
Mpumalanga
South Africa

IHD, COPD,
Stroke and Lung
cancer.

23 383 232

813

Premature
deaths as a
proportion of
total
population
0.0035%

23 383 232

1 147

0.0049%

Linearexponential

Myllyvirta
(2014)

Linearexponential

IHD, COPD,
51 328 662
2 731
0.0053%
Stroke, Lung
cancer and
Lower
respiratory
infection
Prime
LinearWhole of
Diabetes
20 312 840
574
0.0028%
Africa
exponential
Gauteng and
Mellitus,
(2018)
west of
Cerebrovascular,
Mpumalanga
respiratory, IHD
and
Cardiovascular
Gray
IER log-linear
In and
IHD, COPD,
20 600 000
455 (CI
0.0022%
(2019)
around the
Stroke, Lung
low: 305
HPA
cancer and
to high:
Lower
650)
respiratory
infection
(children under 5
years)
IER and Myllyvirta, 2014 studies used the Zhou et al (2006) dispersion model in estimating premature
deaths and the Prime Africa, 2018 study used the Naledzi composite dispersion model in estimating
premature deaths. CI = confidence interval.
The percentage difference between the
percentage of premature deaths estimated by
Myllyvirta and IER with the linear-exponential RR
model is 41% (Table 6). The difference would be
greater if the Myllyvirta (2014) study only focused
on priority areas similar to this study as this would
exclude populations exposed to smaller PM2.5
concentrations outside the priority areas.
The PM2.5-related health outcomes considered by
Prime Africa (2018) are Diabetes Mellitus and
cerebrovascular disease. Their study also
considered cardiovascular mortality related to

NO2 exposure and respiratory mortality related to
SO2 exposure. These health outcomes are not
directly comparable to the ones used in this
study. Also, the relative risk factors for the health
outcomes included in the Prime Africa study are
lower than the ones used in this study for linearexponential RR model (Table 4).
Gray’s (2019) study was performed using the IER
log-linear RR model. Gray (2019) estimated lower
premature deaths than the Myllyvirta (2014) and
Prime Africa (2018) studies which used the linearexponential RR model. Gray (2019) also
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estimated lower premature deaths than those
calculated using the proportional log-linear
approach in this study, because Gray (2019)
considers his estimated premature deaths as a
lower bound estimate of premature deaths
because PM2.5 may be linked to additional causes
of deaths than the ones considered by the Global
Burden of Disease and exclusion of indoor PM2.5
concentrations
leads
to
underestimated
premature deaths.
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The proportional log-linear approach estimated
lower premature deaths than the studies which
used the linear-exponential RR model and a bit
higher than the Gary (2019) study which used the
IER RR model.
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Conclusion

A proportional log-linear IER approach has been
proposed here for calculating health outcomes of
exposure to one component of ambient PM2.5. We
envision this approach to be of particular use
when the ambient concentrations resulting from
the single source type is a small component of the
total ambient concentration, and is below the
counterfactual concentration for the exposureresponse function used. The proportional loglinear approach involves calculating premature
deaths from exposure to total ambient PM2.5
levels, and then assigning premature deaths to
the source of interest based on the percentage
contribution that this source makes to total
ambient PM2.5 levels.
The land use regression estimates of ambient
PM2.5 concentrations per ward based on the
population density, percentage of households
using paraffin for cooking, percentage of
households with no income and percentage of
traditional dwellings appear reliable as they align
with the high concentrations within priority areas,
including the Highveld and Waterberg-Bojanala
Priority Areas. The tendency of linear-exponential
relative risk models to overestimate premature
deaths is very clear in environments with high
PM2.5 concentrations. The proportional log-linear
approach is reliable in assessing health impacts
attributable to one source of PM2.5.
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Air pollution is a global problem and has been identified as an environmental risk factor
as it threatens the lives of millions of people. Emissions from industries, mining, power
generation, waste and biomass burning, motor vehicle emissions, fugitive dust and
domestic solid fuel combustion are sources of trace gas pollutants and particulate matter.
Densely populated low-income residential areas in South Africa are more likely to be
affected by poor air quality as a result of contributions from the aforementioned sources.
This study aims to assess the state of ambient air quality in Zamdela. Ambient
concentrations of criteria air pollutants were monitored between June 2017 and June
2019. The results show that air quality in Zamdela is poor, with particulate matter being
the most significant problem within the settlement. On average PM2.5 and PM10 are the
only pollutants that were not in compliance throughout the sampling campaign. The daily
average PM10 concentrations were well above 75 (µg.m-3) and PM2.5 was above the 40
(µg.m-3) exceeding the NAAQ more than 50%. Sulfur dioxide concentrations rarely
exceed the national ambient air quality standards and nitrogen dioxide and carbon
monoxide were always found to be in compliance. Ozone concentrations in Zamdela
exceed the ambient air quality standards in the biomass burning season. Temporal
variability of ambient concentrations depicts elevated pollution during peak events,
predominantly in winter and early spring. The low wind speeds recorded in autumn/winter
are associated with higher ambient concentrations due to less mixing and dispersion of
pollutants. Zamdela is surrounded by industrial operations and domestic solid fuel
burning is a dominant practice. Managing air quality in Zamdela should focus first and
foremost in reducing the emissions of particulate matter from local sources.
Keywords: ambient air pollution, dense low-income areas, particulate matter (PM)

1. Introduction
Air pollution is a global problem and has been
identified as the most prominent environmental
health risk factor (Calderón-Garcidueñas et al.,
2016). Exposure to ambient air pollution was found
to be the ninth leading cause of premature mortality
worldwide annually (Kurt et al., 2016). The World
Health Organisation (WHO, 2018) reports that air
pollution causes approximately 7 million premature
deaths per year globally. This is a problem in
developing countries that have a mix of industrial,
domestic solid fuel burning and traffic emissions that
are typically uncontrolled (Guarnieri and Balmes,
2014). Different pollution sources from both indoor
and outdoor environments contribute to health
issues experienced by humans (Kim et al., 2015).
Exposure to poor air quality causes respiratory,
cardiopulmonary, cardiovascular diseases and
possible mortality (Langerman and Pauw, 2018;
Walton et al., 2015). Environmental impacts
contribute to climate change, a reduction in visibility,
and acid deposition which are important at a local,

regional and global scale (Bytnerowicz et al., 2006).
High densities of anthropogenic activities have led to
the deteriorating air quality in most African countries
(Lelieveld et al., 2018).
South Africa’s major emissions occur from
industries, mining, power generation, waste burning,
motor vehicle emissions, wind-blown and
resuspended dust, domestic solid fuel combustion
and biomass burning (Geddes et al., 2016; Norman
et al., 2007; Shirinde et al., 2014). The impact of the
aforementioned sources has led to the degradation
of air quality. National priority areas have since been
declared to focus on environmental management
strategies. This includes the Vaal Triangle Airshed
Priority Area (VTAPA) in 2006, the Highveld Priority
Area (HPA) in 2009 and the Waterberg- Bojanala
Priority Area (WBPA) in 2012 under the National
Environmental Management: Air Quality Act, 2004
(Act No. 39 of 2004) (AQA).
The management of air quality is complex and
expensive. Coal powered industries are pressurized
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to reduce the impact of emissions by installing
improved control technologies, like fabric filter plants
and flue gas desulfurization. Estimated costs for
installations are R306 billion in the Highveld, and this
has been estimated to outweigh the potential benefit
of the reduced emissions (Steyn and Kornelius,
2018). The Department of Environment, Forestry
and Fisheries (DEFF) (DEA, 2019) acknowledges
that domestic solid fuel ‘burning’ is an issue in
densely
populated
low-income
settlements.
However, implementing management strategies in
these areas is challenging as a result of poverty
where the ‘polluter pays principle’ is not applicable
(Chidhindi et al., 2019; Venter et al., 2012).

temperatures of 2oC. A recent source apportionment
study by (Muyemeki et al., 2020) identified
contributing sources of particulate matter in the
VTAPA including Zamdela. These included
industries, power generation, waste burning, mines
and ash dumps, vehicle emissions, fugitive dust,
biomass and domestic solid fuel burning. Some of
these sources are also the main contributors of
criteria trace gas pollutants.

Numerous studies show that poor air quality is
experienced in South African densely populated lowincome settlements (for example Chidhindi et al.,
2019; Friedl et al., 2008; Language et al., 2016;
Nkosi et al., 2017; Venter et al., 2012). These
settlements are usually close to large industrial
operations, domestic combustion and biomass
burning sources (Chidhindi et al., 2019). Lowincome households switch energy sources to suit
their financial needs and dirty fuel is commonly used
for space heating, cooking and lighting. Factors
influencing pollution include the current economic
status, income per household, cost and availability
of fuel, the number of people in a household and
seasonal variability (Nkosi et al., 2017; Uhunamure
et al., 2017). As a result of these factors, there are
multiple exceedances of ambient air quality
standards predominately in winter (Altieri and Keen,
2019). Alternative, innovative and custom designed
air quality management strategies need to be
developed for each settlement to ensure that
residents experience their right to clean air.
The purpose of this paper is to characterize the
state of air quality in a low-income area on the
Highveld. This is important because a large portion
of South Africans live in these areas. The study can
identify primary pollutants of concern to give an idea
of potential problematic sources and inform future
management strategies specifically in the residential
area of Zamdela.

2. Methodology
2.1 Study Area
Zamdela is an air pollution hotspot area located in
the Metsimaholo Local Municipality in the north of
the Free State Province, South Africa. The study
area is a densely populated low-income settlement
with 25 067 households and a population of 82 339
residents (StatsSA, 2018). The settlement is located
on the southern banks of the Vaal River (26.8662 oS
and 27.8692oE) (Figure 1). The average annual
rainfall is approximately 640 mm with maximum
summer temperatures of 32oC and minimum winter

Figure 1. The locality of Zamdela showing major
industries in the settlement

2.2 Instrumentation for the ambient air quality
The ambient concentrations have been
determined in the Township over the past two years
(June 2017- June 2019) at a local school. The
monitoring station (27.856452oE; -26.852626oS) is
located in the north of the Township and is managed
by the Climatology Research Group at North-West
University (CRG- NWU). Furthermore, the school
was chosen for security purposes, availability of
electricity, topography and proximity of other
monitoring stations within the settlement. Ambient
measurements were taken using instruments listed
in (Table 1) in conjunction with a co-located
automatic weather station measuring meteorological
parameters. The aim was to measure ambient
concentrations of NOx, CO, SO2, O3, PM10, PM2.5,
temperature, rainfall, wind speed and direction.
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Table 1: Sample interval rate for each instrument
Parameter

Operation/ Instrument

Sample interval rate

SO2

UV Fluorescence/ Horiba APSA 370

1 minute

PM10

Beta attenuation/ E-Bam replaced with a
BAM 1020 (2019)
Beta attenuation/ MetOne E-Bam
Gas filter correlation/Horiba APMA-370
UV Photometric/Horiba APOA-370
Chemiluminescence/Horiba APNA-370
RM Young 05103
Vaisala HMPO60

60 minute

RM Young 52203

1 minute

PM2.5
CO
O3
NOx
Wind speed and direction
Ambient temperature and
relative humidity
Rainfall

2.3 Data analysis methods
The data analysis was done using R on Jupyter
and Python notebook. The programmes consist of
features and packages that can effectively
manipulate data, analyse statistical data, produce
high-quality data representations and visualisations
for air pollution measurements. Quality control was
coordinated throughout the sampling campaign to
institute that the data from the instrument was valid.
Regular bi-weekly maintenance, zero and span
checks were done. Detailed logs of these visits are
stored on the online data capture system. The
instruments in the station were also subject to full
dynamic calibrations every three months.
Meteorological
instruments
were
calibrated
annually.

3. Results and discussion
3.1 The state of ambient air quality in
Zamdela

60 minute
1 minute
1 minute
1 minute
1 minute
1 minute

PM10 is 229 (µg.m-3) and PM2.5 is 140 (µg.m-3) which
are both almost three times higher than the NAAQ
limit concentrations. A total of 330 exceedances
were recorded for PM10 and 253 recorded for PM2.5.
For each of these pollutants a maximum of four
annual exceedances are deemed acceptable. The
daily average for PM10 was 100.8 (µg.m-3) and
54.4(µg.m-3) for PM2.5. This implies that PM is
problematic in Zamdela and not in compliance with
the ambient standards. The 8hour O3 concentrations
were not in compliance 62 times taking into account
that only 11 exceedances are permitted annually. On
average O3 was in compliance to the NAAQS which
suggests that the exceedances are recorded only for
a few months of the year. Over the two-year period
SO2 rarely exceeded the NAAQS. The 99th
percentile for SO2 was compliant and below the
NAAQS for all the averaging periods. Eight
exceedances were recorded over the period for the
1-hour standard considering that 88 are permitted.
Furthermore, no exceedances were recorded for
NO2 and CO.

The results shown in Table 2 represent the state
of ambient air quality in Zamdela for the period of 2
years (June 2017 to June 2019). The data are
compared against the NAAQS. On average PM2.5
and PM10 are the only pollutants that were not in
compliance throughout the sampling campaign.
Daily average PM10 concentrations were well above
75 (µg.m-3) and PM2.5 was above the 40 (µg.m-3)
NAAQ limit concentrations. PM2.5 and PM10 daily
concentrations were exceeded more than 50% of the
time considering that the median was not in
compliance for most months. The 99th percentile for
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Table 2: A summary of descriptive statistics for PM, O3, SO2, NO2 and CO in Zamdela compared to the National
Ambient Air Quality Standards (NAAQS). The columns denote the average period (Period), the standard (NAAQ
limit concentration), number of allowed exceedances (Exceeds), average time period for the data (Average),
estimated 99% confidence interval (Interval), exceeded standard (N exceeds), descriptive statistics (Standard
deviation, Median, 99% percentile).
Pollutants

Period

NAAQ
limit
concentration

Exceeds

Average

Interval

N
exceeds

Std Dev

Median

99th
percentile

PM10
(µg.m-3)
PM2.5
(µg.m-3)
O3 (ppb)

1D

75

4

100.8

95.3-106.3

330

50

94

229

1D

40

4

54.4

51.0-57.8

253

27

46

140

8H

61

11

21.5

21.2-21.8

62

12.3

19.9

56.1

SO2 (ppb)

1H

134

88

5.1

4.9-5.3

8

11.7

1.3

54.3

SO2 (ppb)

1D

48

4

5.1

4.5-5.7

0

6.2

3.5

24.9

NO2 (ppb)

1H

106

88

11.5

11.3-11.6

0

8.6

9.6

40.5

CO (ppm)

1H

26

88

0.5

0.4-0.5

0

0.6

0.3

3.1

CO (ppm)

8H

8.7

11

0.5

0.4-0.5

0

0.4

0.3

2.1

3.2 Impact meteorology has on the ambient
air quality in Zamdela
Meteorology influences the impact of emissions
from various sources (Piketh et al., 1999). Figure 2
shows wind speed data varying on a monthly
average in Zamdela. The wind speed pattern
indicates a decrease from January until May with low
averages recorded until July. The low wind speeds
in winter (June and July) are below 6 m/s. This is
associated with less mixing and dispersion of
pollutants thus resulting in elevated ambient
concentrations (Liebenberg, 1999). Consequently,
the PM exceedances recorded in Table 1 can be
explained by these low wind speed averages.
Conversely, there is an increase in wind speeds
above 8 m/s recorded from August until December
(spring/summer). This is affiliated with increased
dispersion and mixing of atmospheric pollutants
which may result in low ambient pollution
concentrations (Sibiya, 2015) as well as the
likelihood of increased windblown dust (especially
during the dry winter/early spring August and
September). This suggests that fewer exceedances
in Table 1 are recorded during spring/summer
months. Spring time peaks can also be associated
with biomass burning which is local as well as linked
to long-range atmospheric transport (Freiman and
Piketh, 2002).

Figure 2. Monthly wind speed averages during
the sampling campaign (box indicates
interquartile range, diamond indicate outliers and
the bars show the minimum and maximum value)
The hourly wind speed patterns show a diurnal
distribution of wind speed at different times of the
day (Figure 3). Low wind speeds below 7 m/s are
recorded from 18h00 until 05h00. This is associated
with elevated atmospheric pollution concentrations
due to less mixing and dispersion. Increasing wind
speeds above 6-8 m/s are seen from 08h00 until
17h00. This is associated with less pollution
concentrations influenced by an increase in the
mixing and dispersion of atmospheric pollutants
(Liebenberg, 1999; Sibiya, 2015).
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Figure 3. Diurnal wind speed averages during the
sampling campaign (box indicates interquartile
range, diamond indicate outliers and the bars
show the minimum and maximum value)

3.3 Assessment of monthly and diurnal
temporal variability
The monthly variability shows peaks from April –
October for (PM2.5, PM10, SO2, CO, NO2) respectively
(Figure 4). The peaks occur in the colder and drier
season (autumn and winter) are a result of
decreasing temperatures, low wind speeds and
diminished dispersion potential influenced by
increased atmospheric stability in general and the
formation of surface inversion at night. In addition,
during winter residents in the settlement resort to
burning more solid fuels as they are cheap and fulfil
a dual purpose, cooking as well as heating
simultaneously (Balmer, 2007, Chidhindi et al.,
2019; Language et al., 2016). This is a problem in
Zamdela because approximately a total of 34% of
the households in Zamdela use solid fuels (coal and
wood) in their homes for cooking and heating. In
winter the number of household using solid fuels
increases by factor of almost 3 to 2800 households
compared to 954 in summer. This is driven by the
socioeconomic status of most households in the
settlement. In addition to this, the source
apportionment results found suspended dust
(fugitive dust and dust from roads), waste burning
and traffic emissions to be non-industrial sources of
both PM2.5 and PM10 (Muyemeki et al., 2020). Fly ash
and
secondary
sulphate
also
contributed
significantly to the fine fraction (PM2.5) (Muyemeki et
al., 2020). Similarly, O3 remains fairly constant with
slight increases between June and September
(Figure 4).

Figure 4: The monthly variability of ambient air
quality averages for NO2 and SO2, PM10 and
PM2.5. in Zamdela (box indicates interquartile
range, diamond indicate outliers and the bars
show the minimum and maximum value)
The diurnal patterns of air pollution concentrations
show that on average there are two peaks in the
settlement through the day. The first peak is
recorded between peaks 05h00 and 07h00 and the
second starts at 16h00 and lasts until after 21h00.
The elevated concentrations occur for PM2.5, PM10,
CO and NO2 (Figure 5). These peaks reflected show
a combination of the local combustion sources
(domestic burning, waste burning and motor vehicle
emissions) as well as mechanical resuspension of
dust. The two peaks coincide with people leaving
their homes and going to and from work, school and
other activities. Exhaust fumes emitted as a result of
combustion from petrol and diesel-fuelled vehicles
contribute to air pollution. Domestic burning also
increases at these times in the day. This is linked to
people waking up in the mornings and preparing to
leave their homes as well as people returning at
night and preparing food etc. This is linked to
heating, lighting and cooking activities (Kovacic et
al., 2016). This combustion includes the burning of
coal, wood and paraffin (Nkosi et al., 2017). The time
of combustion coincides with poor dispersion
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conditions and this is a major concern as low-level
surface concentrations have a significant influence
on the state of air quality of an area (Hunter et al.,
2002). The high O3 concentrations from 09h00 16h00 is explained by ozone formation and the
dependence on solar radiation (Venter et al., 2012).
Conversely, SO2 concentrations peak from 07h00
and 12h00 with the highest concentrations occurring
at around midday. The increase in SO2 after the
breakup of surface stability and elevated stable
layers shows a link to emissions from tall stacks.

during the morning and early evening peaks. The
peaks in particulate matter (PM) coincide with times
when solid fuel burning and biomass burning are at
a maximum. It is also associated with low wind
speed conditions as a result of low dispersion and
dilution of the pollutants. Ozone concentrations are
at its peak in August and September when regional
biomass burning is at its peak. SO2, CO and NO2 are
not currently a concern in Zamdela.
This suggests that industrial sources are not
predominately responsible for high ambient
concentrations of PM. Local sources identified in
section 3.3 that are not easily regulated, such as
residential domestic fuel burning, vehicle emissions,
biomass burning and wind-blown dust are some of a
few contributors to PM exceedances and the poor air
quality in Zamdela. Current management strategies
that solely focus on industrial emissions will likely not
have a significant impact on improving air quality in
Zamdela.
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The emissions from coal-fired power plants impact on ambient air quality. These impacts
include both direct impacts from the emitted species (e.g. SO2) as well as from secondary
pollutants formed from these emissions (e.g. secondary particulate matter). The impact
on secondary pollutants is not only from those species emitted by the plants, but also
from the impact on atmospheric chemistry of the region; thus, a chemical transport model
that accounts for all sources can be used to understand the impact of these plants. In
this study, the photochemical grid model, Comprehensive Air Quality Model with
Extensions (CAMx) was used to explore the relationship between emissions from coalfired power plants and fine particulates in the Highveld. A simulation of ambient PM2.5
from a baseline scenario of the emissions of the Highveld was compared with simulated
PM2.5 from a control scenario with all Eskom owned coal-fired power plants "turned off".
The model outputs provide valuable information on the chemical interactions between
emissions from the coal-fired power plants and other significant sources within the
Highveld, particularly the effects of precursor emissions, such as sulphur dioxide (SO 2)
and oxides of nitrogen (NOx) on secondary particulates. The model output show a
noticeable decrease in the average annual PM2.5 air pollution when the coal-fired power
plants are "turned off" and that this decrease is primarily as a result of a reduction in
secondary PM2.5 air pollution.
Keywords: aerosol particle composition, CAMx, secondary particulates,
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1. Introduction
Coal-fired power plants dominate the power
generation sector in South Africa, and in general are
considered a significant source of fine particulate air
pollution (PM2.5, particulate matter with an
aerodynamic diameter ≤ 2.5µm) (Zang, 2016). PM2.5
air pollution comprises of particulate matter emitted
directly from its source (i.e. primary PM) and
secondary particulate matter formed by chemical
reactions in the atmosphere (Malfroy et al., 2005;
Corio & Sherwell, 2000). The Highveld Priority Area
Air Quality Management Plan identifies the power
generation sector as the highest contributor of SO 2
and NOx emissions in this region (Eskom, 2016;
DEA, 2012). SO2 and NOx can act as precursor
emissions for secondary PM2.5 (Malfroy et al., 2005).
It is important to understand the ambient
concentrations of PM2.5 due to its health impacts.
Numerous studies have found a strong exposureresponse relationship between PM2.5 and
respiratory, cardiopulmonary and cardiovascular
diseases (Chung et al., 2015; Yang et al., 2019;
Ostro et al., 2015; Lin et al., 2017; Valavanidis et al.,
2008; Krewski et al., 2009; Pope III et al., 2002;
Lepeule et al., 2012).
The relationship between air pollution emitted
from coal-fired power plants and fine particulates in
the Highveld is not well understood. Understanding
this relationship is important in designing effective
strategies to improve air quality and by extension,
the health and well-being of communities in the
Highveld.
In this paper, we present an estimation of the
average annual ground level concentrations and
geographical distribution of PM2.5, attributable to the
coal-fired power plants in the Highveld simulated in
an air quality model.

2. Methods
2.1 Simulation of ∆ PM2.5
Photochemical grid models can account for
chemical interactions between emissions from
different sources within a domain (Koo et al., 2009),
making them valuable tools in assessing the
relationship between air pollution from coal-fired
power plants and secondary particulates in the
atmosphere.
The study used a state-of-the-science chemical
transport model, the Comprehensive Air Quality
Model with Extensions (Ramboll Environment and
Health, 2018) to simulate the primary and secondary
particulate air pollution over the Highveld.
This study did not develop a new modelling
platform, but instead, used one developed by the
Council for Scientific and Industrial Research (CSIR)
for the Department of Environmental Affairs (now the

2.1.1 Model setup
The model set up used 2016 data from a locally
developed comprehensive emissions inventory
(including industrial emissions from the National
Atmospheric Emission Inventory System) and
meteorological data simulated through the Weather
Research and Forecasting model (Skamarock et al.,
2008) version 3.8.1. The CSIR CAMx model setup
for the Highveld has a two-way nested grid structure.
A coarse parent grid (at ~6 km resolution) covering
the greater Highveld area and a finer nest grid (at
~2 km resolution), focused on the Highveld Priority
Area and a majority of the Vaal Triangle Air-Shed
Priority Area (Figure 1).

Figure 1: Map of CAMx model domain. The red boundary
illustrates the parent grid covering the greater Highveld
area and the blue boundary illustrates the nest grid, over
the Highveld Priority Area (HPA) and most of the Vaal
Triangle Air-Shed Priority Area.
The CAMx setup used the Carbon Bond 05
(Yarwood et al., 2005) chemical mechanism. Each
source within the model setup is associated with a
process specific speciation profile. The speciation
profiles used were taken from the US EPA
SPECIATE database (Simon et al., 2010). The
Speciation Tool, developed by ENVIRON, was used
to map the SPECIATE database profiles to what is
required for CAMx. Volatile organic compounds and
particulate matter emissions from the coal-fired
power plants are speciated according to the closest
profile descriptions in the SPECIATE database.
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2.1.2 Model performance evaluation
Observed ambient air quality data for ozone (O 3),
carbon monoxide (CO), nitrogen dioxide (NO 2), SO2
and PM2.5 in the Highveld were obtained from the
Department of Environment, Forestry and Fisheries
(DEFF). Data was available for stations in Diepkloof,
Ermelo, Hendrina, Kliprivier, Middleburg, Sebokeng,
Secunda, Sharpville, Threerivers, Witbank and
Zamdela. Quality control of the observed data
included. removing zero- and negative values; the
equations testing the model performance were
formulated to disregard missing data. The observed
data were compared with CAMx model simulations
for the same locations within the model grid.

secondary PM2.5 and was significantly higher than
PNO3 and PNH4.
No NH3 is emitted by the coal-fired power plants
in the model. The existence of PNH4 is due to SO2
and NOx from the coal-fired power plants that react
with the NH3 emitted from the various other sources
within the model to form PNH4.
The most significant difference in secondary PM2.5
was simulated over the Standerton area in the Gert
Sibande District Municipality (Error! Reference
source not found.).

2.1.3 Model output
CAMx model outputs for PM include the following
aerosol species1: CCRS, CPRM, FCRS, FPRM,
PSO4, PNO3, PNH4, PH2O, NA, PCL, PEC, POA,
SOA1 to 7 and SOAh. The CAMx model outputs for
FCRS, FRPM, PSO4, PNO3, PNH4, NA, PCL, PEC,
POA, SOA1 to 7 and SOAh were combined to give
total simulated PM2.5.
Species FCRS, FRPM, NA, PCL, POA and PEC
were combined to give simulated primary PM2.5 and
the species PSO4, PNO3, PNH4, SOA 1 to 7 and
SOAh were combined to provide simulated
secondary PM2.5.
The change in PM2.5 air pollution was estimated
by calculating the difference between the simulated
baseline scenario (“Coal-fired power on”) and a
control scenario where all coal-fired power plants
were "turned off" (“Coal-fired power off”).

3. Results
A visible reduction is seen in the spatial extent of
PM2.5, particularly secondary PM2.5, when the coalfired power plants are “turned off” (Error! Reference
source not found.).
The difference between the annual average PM2.5
mass concentrations of the baseline scenario (“Coalfired power on”) and the control scenario (“Coal-fired
power off”) shows primary PM2.5 from these stations
provides a small contribution to the total PM2.5 mass
concentrations.
The total PM2.5 attributed to the coal-fired power
plants comprise primarily of secondary PM2.5.
An analysis of the composition of the model
chemistry found changes in nearly all of the
simulated species most significantly SO2, NOx and
secondary PM2.5.
Of the species combined to give secondary PM2.5,
the SOA species contributed least to the overall
secondary PM2.5. PSO4 contributed the most to the
1

Abbreviations given are capitalised as reported in CAMx
output CCRS - Coarse crustal, CPRM - Coarse primary,
FCRS - Fine crustal, FPRM - Fine primary, NA – Sodium,
PCL - Particulate Chloride, PEC - Primary Elemental

Carbon, PH2O - Aerosol Water Content, PNH4 Particulate Ammonium, PNO3 - Particulate Nitrate, POA Primary Organic Aerosol, PSO4 - Particulate Sulphate,
SOA - Secondary Organic Aerosols.
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Figure 2: The first two rows of this figure gives the average annual PM 2.5 ground level concentrations (µg/m3) for
the baseline scenario (“Coal-fired power On”) and the control scenario (“Coal-fired power Off”). The third row
gives the residual average annual ground-level concentrations (µg/m3) of PM2.5 after the control scenario (“Coalfired power Off”) is subtracted from the baseline scenario (“Coal-fired power On”); a positive number indicated
PM2.5 concentrations were higher in baseline scenario than the control scenario. The figure illustrates the PM2.5
concentrations within the CAMx nest grid. The Matimba and Medupi power stations, within the CAMx parent
grid, were also “turned off”.
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4. Discussion
Several assessments have looked at the impact
of criteria air pollutants from South African coal-fired
power plants on human health (Langerman & Pauw,
2018). Except for van Horen (1996) and Myllyvirta
(2014), the other studies used the CALPUFF
modelling suite. Van Horen (1996) used the EXMOD
model embedded air dispersion model and Myllyvirta
(2014) used regression models derived from singlesource CTM (CAMx and CALPUFF) model runs.
This study is the most comprehensive application
to date of a chemical transport model looking at
PM2.5 on the South African Highveld.
Figure 9 and 10 in Myllyvirta (2014) illustrates the
predicted annual average PM2.5 contributions by
coal-fired power plants covered by the Eskom
postponement applications to range from ~0.1 to
~3.4 µg/m3 (based on the Baker & Foley 2011
model) and ~0.45 to ~1.81 µg/m3 (based on the Zhou
et al model).
Figure 4, 5 and 6 in Pretorius et al. (2017)
illustrates the modelled 3-year average ground level
concentrations for SO2, NO2 and PM10 attributable to
coal-fired power stations in the Highveld to range
from ~2 to ~7 µg/m3 for SO2, ~0.5 to ~2 µg/m3 for
NOx and ~1.2 to ~2.6 µg/m3 for PM10. Pretorius et al.
(2017) considered the generation of secondary
particulate matter, however, the study only simulated
the coal-fired power plants and therefore did not
account for the secondary particulate matter formed
from the interaction of the SO2 and NO2 from coalfired power plants with precursor emissions from
other sources within the Highveld.
Scorgie & Thomas (2006) modelled the following
maximum
annual
average
concentrations
attributable to all coal-fired power plants: 44 µg/m3
for SO2, 8.1 µg/m3 for NO2 and 5.5 µg/m3 for PM10.
The results from these studies compare fairly to
the average annual SO2, NO2 and PM2.5 CAMx
results of this study: 11.68 µg/m3 for SO2, 4.68 µg/m3
for NO2 and 1.9 µg/m3 for PM2.5.

4.1 Limitations
Secondary particulates are generally formed
downwind from the source of precursors. However,
within the model setup, the CAMx output species
PSO4 and PNO3 include both particulates formed in
the stack from precursor gases (derived as part of
PM emissions) and the particulates formed
downwind of the stack (due to ambient chemistry).
For this study, due to how the model treats these
emissions, secondary particulates include the
particulates formed within the stack.
While every effort was made to develop an
emission inventory representative of the emissions
within the Highveld, this study is subject to large
uncertainties in emission estimates, mainly due to

vehicle emissions, agricultural ammonia and VOCs
from biogenic sources.
While vertical profile measurements along plume
paths are very useful in assessing the capability of
the model in simulating the transport and
transformation of tall stack emissions, these are not
available for the study region and period. Thus, the
model predictions could only be compared to
ground-based station measurements. The model
performance in simulating high stack emissions in
the complex atmosphere of the inland plateau was
therefore not evaluated.
Further research, including dedicated aerial
measurement campaigns, would be well warranted
considering recent applications of air quality
modelling over the region.

5. Conclusion
This study has shown that a chemical transport
model with this type of setup can give useful results
on the effect significant polluters have on the
atmospheric chemistry and ambient concentrations
of pollutants. Further research is needed in
improving
emission
estimates
and
model
intercomparisons in order to improve the simulation
of air quality in this region. In addition,
measurements of PM composition would aid
significantly in model evaluation.
Understanding this relationship can assist the
government when allocating resources to air quality
management, and health and safety strategies and
programs to improve air quality and by extension, the
health and well-being of communities in the
Highveld.
The results of this study will be used to assess the
impact of fine particulate matter on human health in
the Highveld.
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South Africa is experiencing high levels of poor air quality resultant from rapid population
growth and urbanisation, necessitating increased energy generation. Incessant traffic volumes
may also increase energy consumption and associated vehicle emissions that are generally
focussed in urban environments. Contributing to this phenomenon are the spatially segregated
urban forms inherited from the former apartheid regime. Consequently, South African urban
environments are segregated, with the majority of large settlements located on the urban
periphery, extending commuting distances with resultant high transportation demands and
excessive use of dirty fuels. In response, Parliament promulgated the National Environmental
Management: Air Quality Act during 2004, signalling a paradigm shift from a fragmented to a
holistic and proactive approach. Section 15(1) requires all provincial, district and local
municipalities to implement an air quality management plan aligned with a compulsory
integrated development plan (facilitated through the Municipal Systems Act, 2000). The paper
explores the extent to which practitioners and regulators understand particular sources
contributing to transportation-related emissions in the course of the air quality management
process. In employing a qualitative research approach, evaluation is attempted through a
comprehensive literature review of national and international literature, thereby purposefully
selecting themes deemed essential in the air quality management process. Coding is ensuing
applied in selecting the potential transportation-related sources for the ensuing aggregation
thereof in an emergent assessment matrix. The assessment matrix is applied in evaluating the
prepared air quality management plans; especially in so far as subsequent management
themes in these plans, are concerned. Even though the prepared air quality management plans
are mostly effective in characterising the sources, they appear to fail in effectively managing
the subsequent themes. The assessment of the current status of these plans; especially those
not located in the priority areas, highlights the infancy of contemporary air quality management
planning in South Africa.
Keywords: emission sources, transportation, air quality management plans, air quality
management themes.

1. Introduction
Apart from its detrimental consequences on
human well-being, poor air quality has a significant
effect on countries by limiting the productivity of the
work force, increases expenditures on health care,
decreases agricultural crop yields and deteriorates
of natural ecosystem services (World Bank 2016).
Matooane et al. (2004) lament that adverse air
quality episodes have a greater impact on cities in
developing countries in comparison to those in
developed countries, resulting rapid urbanisation,
industrialisation and low socioeconomic status.
South Africa is no exception as incessant and
accelerated urbanisation, industrialisation and traffic
increase may result in higher levels of energy
consumption that are generally focused in dense

urban areas (Israel-Akinbo 2012, Rees 2016). South
African urban environments encounter adverse air
quality predicaments in the form of vehicle
emissions, electricity generation, domestic fuel
burning, industrial emissions, biomass burning,
landfill site emissions, fugitive dust and agricultural
emissions (Department of Environmental Affairs and
Tourism 2016). Further complicating the plight, is the
racially and spatially segregated development
approaches enacted during the apartheid regime
that ensued the establishment of dual cities within
daily commutes from urban centres (Salo 2014). The
separated provision of housing infrastructure and
services that indirectly prevented the supply of
electricity, sanitation, clean water and waste removal
services, were brought about (Du Plessis 2014).
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Thambiran and Padayachi (2017) are of opinion
that the ineffectiveness of the Air Pollution
Prevention Act of 1965 (APPA) combined with poor
spatial planning resulted in the deterioration of air
quality in various areas around South Africa.
Naiker et al. (2012), in support of this argument,
suggest that the APPA was an inept legislative
means in addressing poor air quality and is arguably
considered as the leading cause for the
development of current air pollution hotspots. The
APPA focused on the prevention of air pollution
through the “best practice means” by applying
source-based control measures, focussing mainly
on the reduction of industrial emissions (Thambiran
and Diab 2010). Although this approach made
certain progress on source-based emissions, limited
guidelines were provided for its implementation and
it failed to acknowledge the growing effect of nonpoint-source emissions on air quality (Scott 2010). In
addressing this shortfall, the Parliament introduced
the National Environmental Management: Air Quality
Act (NEM: AQA) during 2004, signifying a paradigm
shift from the source-based emissions control
approach to a “receptor-based air quality
management (AQM)” system. The NEM: AQA aims
to attain realistic air quality objectives by addressing
all the significant emission sources (Scorgie 2012).
The NEM: AQA presents a contemporary
approach towards mitigating air pollution in South
Africa, presenting AQM, combined with ambient air
quality standards and objectives, emission
monitoring and control, licensed activities and
mitigation strategies as themes that are commonly
included into air quality management plans (AQMPs)
(Naiker et al. 2012, Barnwell 2009). Consequently,
AQMPs are considered as a holistic and integrated
means for improving air quality in an entire country
(Scott 2010). Table 1 illustrates the prepared
AQMPs considered for the assessment.
Table 1: Air quality management plans and their
respective references and abbreviations
Reference

Municipality

Gondwana Environmental
Solutions 2011
Gondwana Environmental
Solutions 2011
C&M Consulting
Engineers 2007
Gondwana Environmental
Solutions 2011
Overberg District
Municipality 2012
Limpopo Water Initiative
2008
Strategic Environmental
Focus 2010
Department of City Health
& Air Pollution Control
Section 2005
Matrix Environmental
Consultants & Annegarn

Bojanala Platinum District
Municipality (BPDM)
Capricorn District Municipality
(CDM)
Eden District Municipality
(EDM)
Fezile Dabi District Municipality
(FDDM)
Overberg District Municipality
(ODM)
Sekhukhune District
Municipality (SDM)
West Rand District Municipality
(WRDM)
City of Cape Town (CoCT)

City of Johannesburg (CoJ)

Environmental Research
2003
City of Tshwane 2006
Airshed Planning
Professionals &
Environmental Sciences
Associates 2005
Department of Health &
Norwegian Institute for Air
Research 2007
C&M Consulting
Engineers 2007
Department of
Environmental Affairs
2011
Department of
Environmental Affairs
2009
Gondwana Environmental
Solutions 2011
UMoya-NILU 2013
Airshed Planning
Professionals & Ecoserv
2009
Department of Economic
Development,
Environment and Tourism
2013
Bembani Sustainability
Training 2009
Department of
Environmental Affairs &
Development Planning
2010

City of Tshwane (CoT)
Ekurhuleni Metropolitan
Municipality (EMM)

eThekwini Metropolitan
Municipality (eTMM)
Nelson Mandela Bay (NMB)
Highveld Priority Area (HPA)

VTAPA Priority Area (VTAPA)

Waterberg Priority Area (WPA)
Eastern Cape Province (ECP)
Gauteng Province (GP)

Limpopo Province (LP)

North West Province (NWP)
Western Cape Province (WCP)

Nevertheless, poor air quality and its associated
challenges appear to be far from adequately
addressed, even though certain areas indicate
improvements (Tshehla and Wright). Gray (2019)
collaborates that a considerable number of emission
sources contributes to the national ambient air
quality standard exceedances and poor air quality in
the South African Highveld. The paper aims to
explore the extent to which practitioners and
regulators
comprehend
particular
sources
contributing to transportation-related emissions
throughout the AQM process. This is conducted to
ultimately and effectively incorporate potential
mitigation strategies in AQM planning.
When exploring the understanding of a specific
source category, the paper identifies all its various
sub-categories. In certain instances, a specific
aspect of a sub-category is highlighted as it
influences the frequency of emissions, e.g., travel
distance is an aspect of vehicle tailpipe emissions. It
is possible to incorporate vehicle tailpipe emissions
into inventories, dispersion modelling or other AQM
themes, without specifically considering travel
distance, since it may be done by estimating
emissions from this source by using fuel use
estimates. The paper recognises that by monitoring
the travel distance of vehicles, and incorporating it in
emission estimates and subsequent AQM themes, a
more advanced understanding of this source
category is obtained. In response, the paper aims to
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investigate transportation-related sources or aspects
of a source in AQMPs, since incorporation thereof,
reflects how well their impact is understood in South
African air quality and air quality management.

2. Methods
2.1 Research design
In attaining the aim, a thematic analysis (Roberts
et al. 2019) is employed to widely extract
transportation-related sources from international and
national literature. In doing so, close line-by-line
reading (Benaquisto 2008) is applied to the literature
in identifying relevant phrases mentioning
transportation as a source or aspect of air pollution.
The identified sentences and phrases are, in
conclusion, progressed in categories by applying
coding (Cohen et al. 2018), where each category
represents a specific transportation-related source.
Table 2 illustrates possible identified transportationrelated sources and aspects.
Table 2: All possible transportation-related sources
identified from literature
Category
Transportation

Sub-category
Vehicle tailpipe emissions
Motorbike tailpipe emissions
UV tailpipe emissions
Taxi tailpipe emission
Bus tailpipe emission
Freight Transportation
Rail
Airport
Port
Non-exhaust emissions
Vehicle entrained dust

Aspect
Driving Cycles
Traffic volume
Travel distance
Vehicle age
Engine technology

The paper further refers to above identified
sources and aspects as “transportation-related
sources” that are ensuing investigated relating to
AQM and its associated themes. The latter is
described as a system that (i) characterises
emission sources, (ii) monitors emission sources,
(iii) employs dispersion modelling to quantify the
contribution ambient concentration of emission
source, (iv) establishes air quality standards to
specifically manage particular sources and (v)
implements and evaluates mitigation strategies
(Sivertsen and Bartonova 2012).
2.1.1

Characterising emission sources

Characterising
emission
sources
aims
at
determining a baseline assessment of the air quality
status in a specific region. This includes emissions
(classes and types) and contributing sources and
apects (United Nations 2016). This paper evaluates
the baseline assessment and preliminary inventories

in prepared AQMPs and whether they reflect
transportation-related sources.
2.1.2 Monitoring emission sources
Monitoring networks are implemented in the AQM
process to provide accurate and continuous
information regarding the status of air quality in an
area, aiming to align air quality objectives.
Monitoring is considered an essential theme as it
aids with the evaluation of existing policies and
mitigating strategies (Gulia et al. 2015). By
assessing this theme in prepared AQMPs, the paper
aims to determine how transportation-related
sources are dealt with. If an AQMP merely includes
the monitoring of specific emissions, and fails to link
it with a specific transportation-related source, it is
assumed that the municipality does not duly
comprehend this source.
2.1.3 Dispersion modelling
Air quality models employ mathematical
techniques to investigate the relationship between
ambient air quality and emissions. These models
aspire to predict concentrations at receptor points by
combining knowledge of emission sources and
meteorological data (Department of Environmental
Affairs and Tourism 2008). As in the instance with
monitoring, the paper explores to what extent the
transportation-related sources are approached in
dispersion modelling. Consequently, when the
prepared AQMPs simply modelled specific
emissions without linking it to the relevant
transportation-related source, it is anticipated that
the municipality is probably deficient in managing the
source appropriately.
2.1.4 Air quality standards
Air quality standards are considered as a
benchmark for generating acceptable air quality
objectives. The literature identifies that in managing
poor air quality effectively, government may consider
implementing ambient, emission and technological
standards (Field & Olewiler 2015). The Department
of Environmental Affairs (2005) deems standards as
an inherent to effective AQM; principally because
they link a potential source with its associated
emissions. The paper aims to determine how the
above-mentioned standards are incorporated in
prepared AQMPs. Should one of the standards be
included in the prepared AQMP, for example generic
national ambient air quality standards, but the
transportation-related source is not included, it is
accepted that the municipality does effectively
capture the significance of air quality standards in
their AQM process.
2.1.5 Mitigating strategies
In so far as the implementation of mitigating
strategies is concerned, it is imperative to focus on
maintaining acceptable air quality by implementing
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appropriate control measures (Gulia et al. 2015).
The paper reviews whether mitigation strategies are
indeed implemented by municipalities for
transportation-related sources in their prepared
AQMPs.
As deliberated above, the NEM: AQA introduces
AQM and its associated themes as a contemporary
approach for mitigating poor air quality through its
inclusion into AQMPs. The paper employs the AQM
themes in determining the extent in which
practitioners and regulators comprehend and
incorporate transportation-related sources in
prepared AQMPs. This is deemed an appropriate
means for investigation; especially since AQMPs are
expected to reflect a comprehension of
transportation-related sources. This paper does not
incline towards baseless criticism of prepared
AQMPs but is rather an inquiry into currently
proposed transportation-related source mitigating
strategies.

2.2 Data analysis
The identified transportation-related sources and
AQM themes are employed in the compilation of an
assessment matrix by proposing the sources as one
component (y-axis) of the matrix and the themes as
the opposite component (x-axis). The assessment is
conducted by nominating the interfaces between the
identified sources and each respective AQM theme.
The paper affirms that the assessment of the
prepared AQMPs is attempted by exploring the level
of understanding of a particular transportationrelated source, e.g., as the aspect of “vehicle
volume”
is
examined,
concepts
like
“traffic/congestion”, “number of vehicles” and
“vehicle fleet” are included. Accordingly, the
assessment does not involve a mere rigorous
identification of phrases in the prepared AQMPs, but
a subjective assessment. In view of the preceding,
the data from the nominated interfaces is presented
in a numerical value.

Results and discussion

to “vehicle emissions, failing to present a detailed
characterisation of all the possible transportationrelated sources. The provincial municipalities and
CDM, EDM and ODM acknowledge that
transportation is currently not a main contributor of
poor air quality, allocating their resources to more
urgent source categories.

Figure 1: Total transportation-related sources/aspects
characterised in prepared AQMPs

2.4 Monitoring transportation-related sources/
aspects in prepared AQMPs
Figure 2 illustrates that 12 out of 21 prepared
AQMPs; especially the priority areas and district
municipalities,
monitored
the
identified
transportation-related sources. Considering that
most of the state-owned monitoring stations are
located in urban environments, it is concerning that
only 2 metropolitans performed monitoring in the
prepared AQMPs. Even though the majority plans
performed monitoring, the transportation-related
sources considered for monitoring are significantly
less than the total identified sources. Also, the
prepared AQMPs that performed monitoring mainly
focussed on significant emissions, failing to link it
with the transportation-related sources. With regards
to existing infrastructure, the municipalities
acknowledge that the monitoring of these sources is
a challenge, since they lack the necessary resources
and technical capacity to implement mobile
monitoring systems efficiently.

2.3 Characterising transportation-related
sources/aspects in prepared AQMPs
Figure 1 represents the level in which the
transportation-related sources are considered during
the preparation of AQMPs. While not all the sources
can be prevalent in a specific municipality, it appears
that the majority AQMPs efficiently consider
transportation as a significant contributor to poor air
quality during the preparation process. It is a concern
that the CoCT, CoT, eTMM and NMB fail to consider
a larger number of transportation-related sources,
since high traffic volumes and congestion are
generally a significant challenge in metropolitan
areas. Moreover, the majority AQMPs merely refer

Figure 2: Total transportation-related sources/aspects
monitored in prepared AQMPs
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2.5 Dispersion transportation-related sources/
aspects in prepared AQMPs
Figure 3 demonstrates that practitioners and
regulators grapple to fully implement dispersion
modelling when preparing AQMPs. Dispersion
modelling is only performed in 4 of the 21 AQMPs.
Even though BPDM, CDM, HPA and VTAPA
perform dispersion modelling, they fail to consider all
the identified transportation-related sources. Similar
to monitoring, the municipalities recognise that
dispersion modelling is currently a chief complication
in their AQM process, since they lack the necessary
resources and technical capacity to perform it
efficiently. Accordingly, the HPA performs the most
extensive dispersion modelling where significant
emissions were modelled and subsequently linked
with the relevant sources responsible for the air
pollution.

Figure 3: Total transportation-related sources/aspects
modelled in prepared AQMPs

2.6 Implementing standards for
transportation-related sources/aspects in
prepared AQMPs
Figure 4 indicates that the majority prepared
AQMPs fail to introduce standards for their
respective transportation-related sources. The
reason therefor is that practitioners and regulators
adopt the national ambient air quality standards in
the preparation of their AQMPs. However, BPDM,
CDM, FDDM, SDM, CoJ, EMM, HPA, WPA and GP
introduce their own more stringent standards,
recognising the impact of transportation on air
quality and the need to address them. Moreover,
BPDM and SDM are the only AQMPs that introduced
standards for the significant emissions while linking
them with the relevant transportation-related
sources. The remaining prepared AQMPs mostly
refer to “vehicle emissions” or “traffic” when
introducing standards.

Figure 4: Total implemented standards for transportationrelated sources/aspects in prepared AQMPs

2.7 Implementing mitigation strategies for
transportation-related sources/aspects in
prepared AQMPs
Figure 5 presents the mitigation strategies
implemented for the identified transportation-related
sources in each prepared AQMPs. The assessment
determines that during the preparation of all the
AQMPs, the ODM CoJ, EMM, GP and WCP address
a similar number of sources that were incorporated
in the preceding themes. Moreover, the EDM,
eTMM, NMB and VTAPA fail to present any form of
mitigation
strategies
in
addressing
the
transportation-related sources. This is a significant
concern since these municipalities are located in
areas that are regarded as areas comprising poor air
quality and necessitate detailed AQMPs. Regarding
the aforesaid, the VTAPA discloses that the
mitigation strategies are in the process of revision
and will be introduced when deemed sufficient.
Furthermore, the HPA and WPA express other
source categories (mining, industrial and waste) as
a priority, allocating resources towards their
mitigation. Finally, the paper questions the AQM
process followed when preparing the CoCT, CoT
and LP AQMPs, since they implement mitigation
strategies for sources that are not considered in
preceding themes.

Figure 5: Total mitigation strategies implemented for
transportation-related sources/aspects in prepared
AQMPs
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3. Conclusion
The manner in which a specific source or aspects
of a source is managed in AQMPs reflects how well
practitioners and regulators understand the impact it
presents in air quality and air quality management.
As a result, this paper investigates the current
understanding of transportation-related sources
exploring their presence in prepared AQMPs.
The paper admits that municipalities are diverse
in their demographics and urban forms and that not
all the transportation-related sources will necessarily
be prevalent in a specific area. It, nonetheless,
identifies an extensive range of probable sources,
expected to overlap in urban areas that may well be
employed as a more expansive advent in the
preparation of future AQMPs than what is currently
the stance.
The investigation of the AQMPs indicates that
practitioners and regulators responsible for
preparing the AQMPs do not comprehensively
perceive sources and how they should be addressed
in AQM processes. Although the characterisation of
sources is appropriately conducted in the majority of
the prepared AQMPs, practitioners and regulators
grapple to extensively implement the subsequent
themes. Owing to limited resources and technical
capacity, the most notable deficits in the prepared
AQMPs appear to be the monitoring and dispersion
modelling themes. While certain prepared AQMPs
implement these themes, they fail to monitor and
model a similar number of sources when compared
to the total that is characterised.
The standards are a further concern as only 9 of
the 21 prepared AQMPs introduce this theme.
Granting that practitioners and regulators are not
legally obligated to introduce standards, the paper
suggests that it should be introduced on local
government levels to effectively guide their AQM
processes. Scorgie (2012) affirms the latter by
indicating that more stringent standards are required
on local government levels in ensuring the
attainment of a protective threshold.
The paper indicates that the majority prepared
AQMPs fail to implement all the identified AQM
themes, questioning the current comprehension of
practitioners and regulators in so far as
transportation-related sources are concerned in
conducting AQM processes. Contemplating the
latter and the current status of prepared AQMPs;
especially those not located in the priority areas, it
highlights the infancy of contemporary AQM
planning in South Africa. The assessment highlights
that the promulgation of the NEM: AQA saw a mere
21 AQMPs being prepared. It also affirms that none
of the local municipalities in South Africa comprise
prepared AQMPs, aside that the NEM: AQA
delegates the mandate to local government as the
authority of first instance to mitigate poor air quality
(Naiker et al. 2012). In conclusion, the preceding

emphasises the immaturity of the present
understanding of transportation-related sources and
their impact on ambient air quality in South Africa.
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Challenges achieving and maintaining ISO/IEC 17025 accreditation for stack
testing laboratories - A South African perspective
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Managing air quality issues in South Africa has been an ongoing challenge for many decades.
To this affect amendments to current air quality legislation have been made over the last few
years.
As a listed process operator with a permit to operate it is a requirement to monitor process
emissions. These requirements are governed by the National Environmental Management:
Air Quality Act (Act No. 39 of 2004), applicable national ambient air quality standards and
listed activities and associated minimum emission standards.
Where third party organisations are utilised to conduct this monitoring, it is a legislative
requirement that the organisation holds accreditation to ISO/IEC 17025 for the sampling and
analysis to be performed. This requirement has posed numerous challenges for the regulator,
process operators and service providers across the board for several reasons. It is not always
possible for the laboratory to accurately determine all the costs ascribed directly to
accreditation. Many laboratories recognise that sustaining accreditation without funding would
be difficult in the long term. The substantial lack of accredited service providers in South Africa
is a challenge that is not going to be easily addressed. The current state of the industry in
South Africa is such that the costs of obtaining accreditation will vary substantially from
laboratory to laboratory. This will be dependent on numerous factors such as the size, starting
point, number of staff employed, location and suite of testing methods that the laboratory
currently employs.
The South African government and indeed the regulatory authority and every citizen has a
duty to uphold the constitution and the bill of rights. The insistence by the regulator to ensure
that all emission monitoring reports are generated by ISO/IEC17025 accredited testing
laboratories will be necessary. This will ensure the credibility of the data reported and thus
ensure the bill of rights is upheld and every citizens right to clean air.
Keywords: ISO/IEC 17025, accreditation, costs, regulator, AEL compliance, sustainability, data reliability, quality,
reporting, enforcement

1. Introduction
The South African air quality industry has been in a
state of flux for several decades. This can be
observed
from
the
numerous
government
amendment notifications that have been published
since the adoption of the National Environmental
Management Act 39 of 2004 (NEMA) and regulations
specifically with regards to several amendments to
the section 21(4)(a) listed activity requirements.
All listed activity operators in South Africa currently
require a permit to operate in the form of an Air
Emission License (AEL). These licenses are operator
specific and contain specific license requirements to

be adhered to which are aligned to the NEMA Section
21(4)(a) regulations.
There has been much confusion and ambiguity with
regards to the interpretation of the requirements of
the legislation with regards to the accreditation
requirements of testing laboratories conducting stack
emission testing in South Africa. This has required the
necessity of the regulator to amend the regulations
from time to time.
The latest South African legislation, Government
Notice No.1207 published on 31 October 2018 –
Amendment to Listed Activities and Associated
Minimum Emission Standards In Terms Of Section 21
of the National Environmental Management: Air
Quality Act, 2004 (Act No. 39 of 2004), sets out
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specific minimum requirements for Quality
Assurance.
Under schedule A – (methods for sampling and
analysis, quality assurance) demonstration of the
competence of testing and calibration laboratories is
stated as the adherence to the general requirements
of ISO 17025, including DD CEN/TS 15675 – Air
quality. Measurement of stationary source emissions.
Application of EN ISO/IEC 17025:2005 to periodic
measurements.
Many air quality officers, process operators and
testing laboratories have understood this requirement
to apply only to the testing / chemical analysis of the
samples in a controlled laboratory environment and
not the actual field sampling or measurements that
were taken. This confusion has arisen because AEL’s
prior to 2018 did not specify that both sampling and
analysis need to be conducted by an accredited
testing laboratory. Further confusion was created with
regards to the definition of a laboratory as defined in
the ISO 17025:2005 standard.
Subsequently, this has been updated in the latest
2017 version of the standard. In the new version, a
laboratory has been defined as an organisation that
can perform testing, calibration and/or sampling
associated with subsequent testing or calibration
(ISO17025, 2017).
The term laboratory activities has been introduced.
The resulting new definition of the term laboratory
makes clear that laboratory activities do not only
include testing and calibration but also sampling if this
is in connection with a subsequent test or calibration.
For the user it is important that the appropriate
requirements are applied to all three activities
(Eurolab handbook). This is especially applicable to
stack emission testing where field samples are
collected utilising standard reference methods
(SRMs) and subsequent laboratory analysis / testing
is conducted on the collected samples done in a
controlled laboratory environment.
New AELs that have been issued since 2018 have
revised this requirement to specify that both sampling
and analysis need to be conducted by an accredited
17025 testing laboratory.
It is important to note that a testing laboratory is not
accredited as an organisation and therefore will be
accredited for each method it conducts. In this sense
the term ‘accredited laboratory’ is inaccurate. One
should rather talk of a laboratory accredited for a
specific list of methods (UNIDO 2009). It is critically
important for the license holder and the licensing
authority to ensure that the testing laboratory is
indeed accredited for the specific test methods that
are prescribed for demonstrating compliance.
The regulator needs to ensure that all compliance
work conducted needs to comply with the minimum
legislative requirements, this is not a simple task.
Several countries more specifically the United
Kingdom Environment Agency (EA, UK) publish

technical guidance notes and performance standards
to ensure reliability and quality of the data reported.
The environment agency in the UK has setup a
monitoring certification scheme (MCERTS).
South Africa is developing its own equivalent
scheme; Emission Testing Certification (ETCERT)
under the auspices of the Stack Testers of South
Africa (STSA) which is a subcommittee of the
National Laboratory Association (NLA). The
subcommittee is comprised of service providers,
process operators, regulators, and academics.
The primary objective of the committee is to
establish a similar certification scheme in South Africa
to provide ongoing technical and training support to
address quality issues with regards to stack emission
data. The scheme is still under development and is
not currently able to certify stack testers at this
moment in time.
The UK Environment Agency has set up the
MCERTS scheme to ensure good quality
environmental measurements. The scheme is based
on international standards and provides for the
product certification of instruments, the competency
certification of personnel and the accreditation of
laboratories (Environment Agency, 2019).
The ultimate responsibility lies with the process
operator to ensure compliance with his/her AEL and
any deviation from AEL requirements will have to be
justified to the satisfaction of the regulator. It is
important to note that it is a legislative requirement
that all compliance, sampling, and analysis is
conducted by a suitably accredited testing laboratory
(Government Gazette 42013 2018).

2. ISO/IEC 17025 requirements
ISO/IEC 17025 is the global quality standard for
testing and calibration laboratories (Ludwig 2009). It
is the basis for accreditation from an accreditation
body. The current release was published in 2017.
In South Africa the South African National
Accreditation System (SANAS) is the only national
body responsible for carrying out all accreditations in
respect of conformity assessment, as mandated
through the accreditation for conformity assessment,
calibration and good laboratory practice Act (Act 19
of 2006).
Quality standards are quite dynamic. They are
updated every couple of years. Related
implementation guidelines, as developed by
international committees, are published even more
frequently (Ludwig 2017).
There are two main clauses in ISO/IEC 17025 –
Management
requirements
and
Technical
Requirements.
Management requirements are related to the
operation and effectiveness of the quality
management system within the laboratory, similar in
scope to ISO9001:2015.
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Technical requirements address the competence of
staff; testing methodology; equipment and quality;
and reporting of the test and calibration results.
Implementation of ISO 17025 has numerous
benefits, however, the work (man hours) and costs
involved are significant and a thorough gap and cost
benefit analysis should be conducted before
proceeding.
Grochau et al. (2012) listed aspects that need to be
checked in order to conduct an effective gap study for
implementing ISO 17025 at a university laboratory
that is considered to apply universally to most
commercial and research laboratories these include:
•

Proper functioning and calibration status of
equipment
• Staff’s knowledge and skills
• The use of clearly described and validated
analytical methods
• Adequacy of the equipment.
It is critical for personnel managing operations to be
able to measure the performance of their activities to
improve efficiency and effectiveness (Radnor &
Barnes 2001). ISO17025 allows a laboratory to
measure its performance through the continual
evaluation of several criteria throughout the
organisation: customer satisfaction, profitability,
suppliers, human resources, health and safety
(Ratseou 2014).

Figure 1. ISO/IEC 17025 requirements for
testing laboratories (Ludwig H, 2017)
Achieving the above requirements is a costly and
time-consuming exercise which is not easily achieved
in a commercial laboratory environment. Abdel-Fatah
(2011) counted financial constraints as one of the
many drawbacks of implementing a quality
management system. The journey to achieving
ISO17025 accreditation should be a process that is
well prepared for to avoid unnecessary delays and
mitigate against unforeseen costs and challenges
that may arise.
The process can have high cost, but it also brings
big benefits. A careful assessment of the balance
between costs and benefits should be conducted and

documented. Hullihen et al. (2009) also stated that
even with the escalating costs and time-consuming
activities, establishing a ISO17025 quality system at
a university laboratory has great advantages.
These observations would equally apply to a
commercial or research laboratory not least testing
laboratories that conduct stack emission testing
activities.

3. Why insist on ISO 17025
As a listed process operator with a permit to
operate it is a requirement to monitor process
emissions – these requirements are governed by:
•

The National Environmental Management: Air
Quality Act (Act No. 39 of 2004)
• The National Framework for Air Quality
Management in the Republic of South Africa
• National Ambient Air Quality Standards
• Listed activities and associated minimum
emission standards.
The ISO17025 accreditation process is a rigorous
and ongoing assessment of emission testing
monitoring activities to establish that:
•
•

The organisation is impartial
The organisation employs technically competent
staff
• The organisation uses technically suitable
methods as prescribed by the Air Quality Act,
2004
• The organisation has the appropriate resources,
equipment, and facilities
• The organisation meets the requirements of
17025.
Demonstrating technical competence is of utmost
importance in 17025, and indeed laboratory
accreditation is quite different from a quality
management system. Not only is an organisations
quality management system assessed, but so are its
technical capabilities and competence (Ingallinera
2003).
The organisation must demonstrate that the
individuals carrying out emission testing and
monitoring are technically competent to do so and
that the methods are valid and fit for purpose this
includes:
•
•
•
•
•
•
•

Competent staff authorised and fully trained in all
relevant stack monitoring activities
Robust internal training
Routine competence monitoring
Regular technical internal auditing by qualified
auditors
Regular participation in recognised proficiency
testing schemes
Traceability to international reference standards
Equipment calibrated with traceable standards
and meets the applicable EPA, EN BS and ISO
standards as per their schedule of accreditation
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•

Verification and demonstration of ability to
perform methods to National, European,
International and environment agency specific
standards.
Utilisation of a fully accredited ISO17025
organisation guarantees that the organisation is
independent, impartial, and the reported results have
integrity and therefore the results can be trusted.
Accreditation ensures that all emissions monitoring
work is carried out in such a manner that staff are free
from undue financial, commercial, or other pressures
that may adversely affect the quality of work.
In a word accreditation, to be more specific,
accreditation to ISO/IEC 17025 by an accreditation
body (AB) that is a signatory to the International
Laboratory Accreditation Cooperation Mutual
Recognition Arrangement (ILAC MRA) allows for
international recognition of the laboratory’s
competence (Adams 2019).
This is where the importance of accreditation by
ABs that are signatories to the ILAC MRA becomes
apparent. The aim of the ILAC MRA is “tested once,
accepted everywhere”. This can help regulatory
authorities satisfy mandated requirements stipulated
by
international
environmental
agreements,
targets/goals, and reporting requirements such as the
National Atmospheric Emissions Inventory System –
(NAEIS) in South Africa.
Good quality data can allow for good quality
decision making, poor data may lead to poor decision
making and wasted resources. The need for repeat
testing is circumvented by reporting reliable data that
will be accepted universally.
Accreditation can provide multiple market
advantages. Highly regarded, this benchmark of
performance reflects internationally accepted testing
and measurement practices (Adams 2019).
In addition, each citizen has a duty to uphold the
constitution and the bill of rights.
The insistence by the regulator and process
operators to ensure that all emission monitoring
reports are generated by ISO/IEC17025 accredited
testing laboratories will be necessary to ensure the
credibility of the data reported and thus ensure the bill
of rights is upheld.

4. Challenges achieving and maintaining
ISO/IEC 17025 accreditation
4.1 Findings of APHL Survey Report – 2017
4.1.1 Background
There is limited data and few studies globally that
have been conducted to determine the actual impact
on costs and the unique challenges when faced with
trying to achieve laboratory accreditation to
ISO17025. As South Africa is part of the global
economy, there is a demand to issue or produce
laboratory results that are comparable to those issued

by laboratories from other countries (Ratseou &
Ramphal 2014).
With the limited data and studies available on the
subject the detailed Association of Public Health
Laboratories(APHL) – Laboratory costs of ISO/IEC
17025 Accreditation, Survey Report, 2017 – has been
referenced in order to help gain some empirical
insight into the real costs and challenges faced by
laboratories in general. Although the focus of the
APHL study is in the food testing laboratory field.
The requirements, challenges and costs are
deemed to apply to any laboratory in any field and
the lessons learnt and experiences gained can be
adopted by other laboratories in a wide number of
fields as laboratories regardless of their particular
field of expertise all face similar challenges.
Context is important and the challenges in each
country will vary and it is with this in mind that we seek
to address the unique and some not so unique
challenges facing the laboratory accreditation journey
of stack testing laboratories in South Africa.
The United States Food and Drug Administration
(FDA) has identified laboratory accreditation as a
critical element for ensuring the integrity of human
and animal testing. According to the FDA,
accreditation to an international standard, such as
ISO/IEC 17025, is one step towards data defensibility
(APHL 2017).
To accomplish this goal the FDA setup and
implemented the ISO cooperative agreement
program with the objective of increasing or enhancing
the number of ISO17025 accredited food testing
laboratories in the United States.
Five-year contracts were awarded to several
laboratories including the APHL. As part of this
agreement the APHL was to provide direct technical
assistance to the laboratories on the program.
Many laboratories recognise that sustaining their
ISO/IEC 17025 accreditation in the absence of
federal funding will be difficult (APHL 2017).
The lack of financial resources and motivated
competent personnel are considered the main
obstacles to overcome on the journey towards
accreditation.
Conversely pre-existing laboratory structures and a
motivated staff are deemed to be the main facilitators
toward achieving accreditation Grochau et al. (2018).
According to the report, the costs of accreditation
can vary from laboratory to laboratory, depending on
size, starting point, staffing requirements, location,
and range of testing methods of the laboratory. Costs
can include but are not limited to preventative
maintenance contracts, assessment fees, training,
and staff.
The APHL surveyed many of the laboratories
participating in the FDA’s cooperative agreement
program in order to gain a better understanding of the
approximate costs associated with becoming and
maintaining ISO/IEC 17025 accreditation. This
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information can help inform future funding models
and allow laboratories to plan and prepare for
accreditation moving forward.
Testing laboratories in South Africa and specifically
in the stack testing field can only stand to benefit from
the experiences and the successful implementation
of programs such as the FDA’s cooperative program.
It would be wise and beneficial for the regulatory
authorities, and various associations to come
together to form a similar support program for
laboratory accreditation in South Africa.
With funding and technical support being significant
hurdles to overcome for Laboratories wishing to
become accredited in the South African context.
4.1.2 Assessment Method
The APHL convened a group of members to
develop an assessment tool in March 2017. The
survey was fielded in July 2017 to 30 accredited
laboratories involved in the FDA ISO Cooperative
agreement programs. APHL instructed respondents
to include only those costs that relate directly to their
pursuit and/ or maintenance of ISO/IEC accreditation.
Of the 30 survey recipients, 18 laboratories
responded. It was also noted that of the 18
laboratories that responded 12 had been accredited
for less than two years.
4.1.3 Results and analysis
The data gathered from the survey was presented
in several tables and included the breakdown of the
following costs per category attributed to ISO/IEC
17025 accreditation.
Training costs, assessment fees, consultant costs,
supplies and equipment, calibrations, preventative
maintenance, proficiency testing, software and
monitoring systems, and salaries.
Table 1 is a summary table of the total annual costs
due to ISO/IEC 17025 accreditation
4.1.4 Discussion
The data provide a detailed overview of the
laboratory costs associated with ISO/IEC 17025
accreditation. The survey instructions were
standardised by the APHL; however, it is possible that
the respondents may have answered questions with
a different perspective than others.
According to the APHL several respondent’s
especially those that have been accredited for several
years found it difficult to separate what policies the
laboratory instituted due to ISO/IEC 17025
accreditation and therefore the associated cost and
what policies are just the cost of doing business.
It is not always possible to accurately determine all
the costs to be ascribed directly to 17025
requirements.
It was also noted that many of the laboratories
surveyed received FDA funding and therefore may
have higher costs than stated due to the availability
of that funding.

4.1.5 Overall ISO/IEC 17025 Accreditation costs
According to the APHL study attaining accreditation
to the ISO/IEC 17025 standard is a costly endeavour.
From Table 1 the costs vary substantially from
laboratory to laboratory for a host of different reasons
already mentioned above.
It is noteworthy however that the median overall
annual costs directly attributed to 17025 accreditation
stated in American dollars is $311485.00 which
translates into approximately R5.4 million at current
exchange rates.
In the Authors’ experience being involved in
achieving 17025 accreditation for a stack testing
laboratory in South Africa for more than 40 sampling
methods the direct annual accreditation costs would
not be much lower than the median costs stated in the
APHL report.
According to the APHL report the most important
factor when determining the cost of ISO/IEC 17025
accreditation is
what
policies, procedures,
equipment, and software the laboratory had in place
prior to deciding to pursue the accreditation
4.1.6 Conclusion of APHL Study
The FDA has provided over $50 million over the
past five years in support to the various food testing
laboratories in the United States.
Overall, because of the quality of the data
generated from the 17025 accredited laboratories
several significant interventions could be conducted
including recalling certain foodstuffs, linking
contaminated food with human illness, and Identifying
food safety issues before any human illness has
occurred.
Clearly the benefits of accreditation are large
however the costs reported in this survey are
significant and in the opinion of the APHL some
laboratories may not be financially able to sustain
their ISO/IEC accreditation in the absence of federal
funding.

4.2 Challenges facing South Africa
South Africa is a middle-income developing nation;
this poses many unique challenges to our situation.
Although it is a legislative requirement for all
organisations conducting stack emission testing in
South Africa to be accredited to ISO/IEC 17025 this
has been difficult to achieve in the industry.
The decided lack of accredited service providers in
South Africa has led the regulator to relax the
enforcement of this legislative requirement.
However recent developments has seen a
significant increase in accredited service providers
locally, in addition to several laboratories applying
with SANAS for accreditation.
The availability of accredited testing laboratories
has become less of a justified reason for the regulator
to continue to accept non accredited results.
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Continued acceptance by the regulator of nonaccredited results will continue to bring into question
the credibility of the results reported.
Due consideration must be given to the impact of
data quality on the new carbon tax requirements that
are being introduced, and the quality of data currently
being held in the NAEIS.
Although several testing laboratories have recently
become accredited most service providers remain
non accredited. The significant costs and lack of
technical expertise being cited as the major barriers
to achieving accreditation.
There are fundamental costs incurred that cannot
be avoided with achieving and maintaining
accreditation. These additional costs cannot simply
be passed onto the customer as clients continue to
be cost sensitive in the current economic climate.
Lack of technical expertise and related
infrastructure in the country is widespread and
retaining current expertise is an ongoing challenge for
most organisations.
Partnership with the NLA - STSA certification
scheme will go a long way in addressing the
competency of the staff and regulators working in the
industry.
At present there is no formal certification scheme
available locally. The NLA - STSA has developed a
scheme which is ready for adoption by the stack
testing community. The proposed scheme will
however need the endorsement by the regulator if it
is to be successfully implemented and adopted by the
stack testing community going forward.
Through government support both through
enforcement and financial assistance the hurdle of
the financial constraints can be mitigated.
There are several funding models and agreements
that can be taken into consideration such as the FDA
scheme. Finding the right model for the South African
context will take cooperation from all stake holders to
derive fair and equitable distribution of funding and
necessary support to the industry.
The current poor economic climate does not allow
for much discretionary spending, however the
upskilling and upliftment of the industry will go a long
way to benefit society.
Political uncertainty with regards to government
policy remains a cause for concern. A call for strong,
clear leadership is required to move the industry
forward and ensure continued professional
development of the industry.
As the country grapples with continued black outs
and load shedding, an unstable electrical power
supply will continue to force process operators to
operate their plants far from ideal operations.
Constant shutdowns, start-ups, and variable,
unstable, process operations affect the ability of
process operators to operate their processes within
their AEL license requirements.

This scenario is far from ideal and may lead to a
state of continued noncompliance. Difficulty in
obtaining accurate data that is representative of
actual plant operations at the time of measurement
will also remain a challenge.
Poor technical infrastructure with regards to local
proficiency testing schemes, availability of traceable
standards, local supply and production of laboratory
instrumentation and sampling equipment is a major
challenge for the industry.
Local testing laboratories in many instances are
forced to source supplies, equipment, and adequate
proficiency schemes from overseas suppliers which
all come at a significant cost.
In addition, traceable, gold standard reagents and
reference materials often have to be imported by
accredited test laboratories at significant additional
expense.

5. Conclusion and way forward
Under the constitution of South Africa and the bill of
rights everyone has the right to an environment that
is not harmful to their health or well-being.
To have the environment protected, for the benefit
of present and future generations.
Through reasonable legislative and other measures
that prevent pollution and degradation, promote
conservation, and secure ecologically sustainable
development, and the use of natural resources while
promoting
justifiable
economic
and
social
development.
The South African government and indeed the
regulatory authority and every citizen has a duty to
uphold the constitution and the bill of rights.
The Government needs to draft and pass
legislation to achieve this. The government has made
significant progress in this respect, however the lack
of regulatory support, financially, and otherwise,
including the enforcement of the requirements of the
law will undermine any efforts to achieve the goals
under the bill of rights under the constitution..
Until the Law is enforced, and process operators
operate in a responsible manner in conjunction with
the necessary support provided in terms of
infrastructure, funding and technical expertise we as
a country will fall short of achieving the goals of the
constitution in ensuring the rights of every citizen of
this country and indeed the wider international
community to clean air.
Further investigation into the unique challenges
facing the South African environment is needed.
In the authors opinion the adoption of a similar
program as described by the FDA APHL study from
2017 to the South African context will go a long way
to support the industry and uphold the bill rights and
meeting our constitutional obligations.
Various funding models and training programs
need to be developed locally to ensure that the
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economy can continue to develop to meet the
demands of future generations.
Participation both by public and private enterprises
will be needed to uplift the industry.
This will ensure that there is fair and equitable
distribution of funding and support to all interested
and affected stakeholders. This can only be achieved
through extensive collaboration.

6. References
Abdel-Fatah H. T. M. 2010, ‘ISO/IEC 17025
accreditation: Between the Desired Gains and the
Reality’, The Quality Assurance Journal, 13(12):21-27.
Adams A. 2019, ‘Everyone benefits from Laboratory
accreditation’,
Lab
manager
Web.

https://www.labmanager.com/businessmanagement/everyone-benefits-from-laboratoryaccreditation-1804
Apps P. 2006, Test and Measurement Conference:
‘The critical role of skilled technicians in Laboratory
measurement’,
(web).
Pretoria
http://www.nla.org.za/conferences
APHL (Association of public health laboratories)
2018, ‘Laboratory costs of ISO/IEC 17025
Accreditation’, APHL Survey Report (2017)
BS EN ISO/IEC 17025 2017, ’General requirements
for the competence of testing and calibration
laboratories’ (ISO/IEC 17025:2017).
Cebekhulu B.M.B & Mugova C. 2017, ‘Quality control
in a University: Evaluating the gap between
ISO/IEC-17025 requirements and the thin section
laboratory’s processes’
Constitution of the Republic of South Africa (1996) chapter 2: Bill of rights #24 Environment, 1996
Eurolab Handbook aisbl ISO/IEC 17025:2017, (no
date) Web

Amendment to Listed Activities and Associated
Minimum Emission Standards In Terms Of Section
21 of the National Environmental Management: Air
Quality Act, 2004 (Act No. 39 of 2004),
Grochau I. H. & ten Caten S. C. 2012, ‘A process
approach to ISO/IEC 17025 in the implementation
of a quality management system in testing
laboratories’, Accreditation and Quality Assurance,
Issue 17:519-527.
Grochau I.H. Cate C.S.T. & de Camargo Forte, M.M.
2018, ‘Motivations, benefits and challenges on
ISO/IEC 17025 accreditation of higher institution
laboratories’. Accred Qual Assur 23:183-188
Hullihen K. Fitzsimons V. & Fisch M. R. 2009,
‘Establishing an ISO 17025 compliant laboratory at
a university’, International Journal of Modern
Engineering, 10(1):55-64.
Ingallinera P. 2020, ‘What you should know about
laboratory
accreditation’,
Quality
digest
magazine:1-3
Ludwig H. 2009, ‘Understanding and implementing
ISO/IEC 17025’, a primer, Agilent technologies
Performance standard for organisations carrying out
manual stack emission monitoring. 2019,
Environment Agency, Version 8
Ratseou E. & Ramphal RR. 2014, ‘The impact of
laboratory quality assurance standards on
laboratory operational performance’, African journal
of hospitality, tourism, and leisure Vol. 3(2)
Radnor Z. & Barnes D. 2007, ‘historical analysis of
performance measurement and management in
operations management’, International journal of
productivity and performance management. Vol. 56
(6):384-396
UNIDO, (United Nations Industrial Development
Organization 2009, ‘A practical guidebook for
meeting
the
requirements
of
laboratory
accreditation schemes based on ISO17025:2005 or
equivalent national standards’, Vienna.

https://www.aphl.org/programs/food_safety/lab
oratoryaccreditation/Documents/EUROLAB%20Handboo
k%20ISO%20IEC%2017025%202017.pdf
Government Gazette No. 42013. 2018, Government
Notice No.1207 published on 31 October 2018 –

Page | 186

Table 1. Total Annual Cost of ISO/IEC 17025 Accreditation (APHL, 2017)

Page | 187

NACA 2020 | Poster Index

Poster Index
CONSIDERING THE USE OF AERMOD AS A REGULATORY
TOOL AT THE INTRA-URBAN SCALE
Prince Chidhindi *, Roelof Burger, Stuart Piketh
Unit for Environmental Management and Science, North-West University, Private Bag X,
Potchefstroom, 2520, South Africa

DOMESTIC SOLID WASTE AS A POTENTIAL SOURCE OF
AIR POLLUTION IN MAHIKENG
Vincent G Keaketse *, Ncobile C Nkosi and Nisa Ayob
Climatology Research Group, Unit for Environmental Sciences and Management, North-West
University, Keaiketseg@gmail.com
THE AIR WE BREATHE: INDOOR AND AMBIENT AIR QUALITY IN
SOUTH AFRICAN LOW-INCOME RESIDENTIAL COMMUNITIES.
Brigitte Language *
Unit for Environmental Science and Management, North-West University, Potchefstroom, South
Africa.
PROBABLE HEALTH RISK ASSESSMENT OF BTEX CONCENTRATIONS
AT AN INTERNATIONAL AIRPORT IN SOUTH AFRICA
Raeesa Moolla *, Makhosazana Dubazana
University of the Witwatersrand, School of Geography, Archaeology and Environmental Studies

Page | 44
Page | 188

Clean Air Campaign

Making our air cleaner and better to
breathe is the best thing to do for
the health of our families, ourselves
and our communities.
Let’s do it together!

Generation Division

working together for cleaner air

Air Quality Offsets – Fact Sheet

1

Did you know?

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.

3

Examples of Air
Quality Offsets

• Switching households to cleaner energy
sources,
• Low emission appliances and insulation,
• Reducing domestic waste burning and
reducing emissions from landfills.

2

What are Air
Quality Offsets?

4

What are we
doing?

An air quality offset is specifically implemented
to counterbalance the negative environmental
impact of air pollution, by introducing interventions to improve air quality at ground level.
Eskom’s coal-fired power stations are required
to implement air quality offsets in the communities that are most impacted by emissions.

• 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.

5

How far are we?

• 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.

For more information
contact:
Email: airqualityoffsets@eskom.co.za
Website: http://www.eskom.co.za/AirQuality/
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a
GAnalys is
The National Metrology Institute of South Africa is mandated by Measurement Units and
Measurement Standards Act, 2006 (Act No. 18 of 2006) to provide accurate and
internationally recognised national measurement results. NMISA Gas analysis laboratory
enables compliance to legislation and reliable reporting of emission measurements through
the provision of traceable and reliable primary reference gas mixtures. The laboratory is
responsible for the dissemination of primary reference gas mixtures, provision of reference
measurements and calibration services, including training, proficiency testing schemes,
assessments and consultation.

Figure 1: Dräger evidential breath analyser Alcotest
9510 ZA

Figure 3 : SRP 60 National Standard
of Ozone

Figure 2: NMISA primary
reference gas mixtures

Figure 4 :Continuous improvement of NMISA international
comparisons, CCQM-K137 Graph of equivalence at
the nominal mole fraction of 30 μmol.mol−1

NMISA - gas analysis laboratory provides the following services:
Primary reference gas mixtures “Gold standards”
-Primary pollutants
-Greenhouse gases
-Reactive gases
-Volatile organic compounds
-Energy gases
-Stack emission gases
-Automotive gases
-Ambient emission gases

Purity Analysis for high purity gases
Reference measurements
-Certification of gas mixtures from local gas manufacturers
(Secondary reference materials)
-Analysis of tedlar bags and other sampling vessels

Proficiency Testing Scheme
-Ambient air monitoring
-Stack emission monitoring

Calibration of ozone instruments
Calibration of gas monitors
-Personal monitors
-Gas leak detectors

Calibration of evidential breath analyser
(EBA) for law enforcement ”

Gas Analysis Research projects
Environmental and ambient air gases
Development of the following reference gas mixtures:
-Greenhouse gases (Sulphur hexafluoride, nitrous oxide)
-Low mole fraction of reactive components (Nitrogen monoxide,
hydrogen sulphide) gas.
-Volatile organic compounds (Non-methane hydrocarbons
(NMHC), Hazardous Air Pollutant (HAPs)
-Sulphur compounds (Ethyl mercaptans, Dimethyl sulphide).

Industrial Emission and Energy Gases

YourLogo

-Stack emission gases (Nitrogen monoxide, sulphur dioxide, carbon monoxide)
-Natural gases (Ethane, propane, n-butane, n-pentane, i-pentane)
-Refinery gases (Methane, ethane, propane 1,3 butadiene,
oxygen, nitrogen and helium)
-Collaboration with the gas sensing industry for the development of the
chemical sensors and universal calibration system for gas
monitors in South Africa.
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