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Welcome Message
A special thank you and appreciation to all
those who have worked tirelessly behind the
scenes to make this conference come to life,
the Local Organising Committee (LOC) and
technical committee brilliantly lead by Dr Anzel
De Lange, The Scientific review committee, DFFE,
Mongoose C&D, the session chairs and the
NACA community that will be judging the papers
and posters at this year’s conference.

Dear Conference Delegates,
It gives me great pleasure to welcome you to
the 2022 annual conference of the National
Association for Clean Air. Having held the
conference virtually over the past two years
I am more than excited to finally have an inperson conference and look forward to much
engagement and networking. As I reflect on my
time as president of NACA, I wish to take this
opportunity to focus on gratitude and thank
each and every one of you for making my time as
president of NACA a lovely experience.

We continue to partner and support the Clean
Air Journal (CAJ) which is a premier platform
for electronic spreading of information on air
quality science and look forward to yet another
informative read in the December issue. I
encourage our community to use this platform
not only for keeping abreast with what is
happening in the air quality scientific community
but also to take advantage of the advertising
space available in the journal.

I am grateful for having served with a dedicated
and diligent NACA council over the past two
years, to all the council members, THANK YOU.
NACA would not be possible without your
selfless commitment.

This year we can finally have face to face
interaction with our exhibitors who will be
showcasing the latest in air quality engineering,
monitoring, modelling, testing, research, and
law. Please take time during the conference to
interact with them, get their contacts and ask as
many questions as possible, for me personally,
this is always a learning experience.

I would like to thank you, the delegates of this
and past conferences for having relentlessly,
even during uncertain Covid pandemic times,
supported NACA and ensured the drive for clean
air remains priority in this country.
A heartfelt thank you goes out to all our
sponsors who, over the years and many of
which have sponsored NACA and particularly
the annual conference for many decades, have
supported and encouraged us, not only through
word of mouth but also putting money towards
the cause for air quality research, workshops,
seminars, and engagements towards clean air

I therefore invite you to join me in participating
in this year’s annual NACA conference themed
Pathways to Effective Air Quality Management in
South Africa and look forward to seeing you face
to face.

NACA and the Department of Forestry, Fisheries,
and the Environment have, over the years,
maintained a solid relationship especially in
respect of Improving Air Quality and Air Quality
Management in South Africa and are, again this
year, hosting a joint Multistakeholder workshop
on the 5th of October 2022 as part of The
Annual National Air Quality Week for South
Africa.

Ms Gabi Mkhatshwa
NACA President
2022
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Committees

List of exhibitors

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

C&M Consulting Engineers
www.airpolguys.com| 012 803 5124

2022 Local Organising
Committee

Ero Electronic
www.ero.africa | 011 869 1101

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

Exito Environmental Projects
www.exitosa.co.za | 011 391 8633

Anzel De Lange
Avinash Ramsaywok
Beverley Terry
Brigitte Language
Deon Posthumus
Gabi Mkhatshwa
James Tshilongo
Johanna Von Holdt
Ncobile Nkosi
Renée Le Roux
Roelof Burger
Stuart Piketh
Thabang Tshobeni

Gondwana Environmental Solutions
www.gondwanagroup.co.za | 011 472 3112
Levego Environmental Services
www.levego.co.za| 011 608 4148
National Metrology Institute of South Africa
(NMISA)
www.nmisa.org| 012 841 2102
Rayten Engineering
www.rayten.co.za/ | 011 792 0880
SI Analytics
www.sianalytics.co.za | 011 444 7809
Skyside
www.skyside.co.za | 031 100 1300

Conference Organisers

Testo South Africa
www.testo.co.za | 011 380 8060

Mongoose Communications
& Design (Pty) Ltd.

WSP Golder
www.golder.com | 011 254 4800
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Scientific Review Process

Dr Gregor Feig
South African Environmental Observation
Network (SAEON)

The 2022 National Association for Clean Air
annual conference proceedings include peerreview publications that were subjected to the
following process. A total of 39 submissions
were received for initial screening. Out of the
39 submissions, 6 were poster presentations,
and 33 were manuscripts for oral presentation.
A total of 19 manuscripts were submitted to a
blind review by two independent reviewers each.
After the first round of reviews, 1 manuscript was
retracted by the author, 5 had major corrections,
and 13 minor corrections were suggested.
Corrected versions of the manuscripts were
resubmitted to original reviewers to confirm
that corrections were incorporated. After the
second review, comments from reviewers were
considered under the oversight of the editor, Dr
Anzel De Lange. One manuscript was rejected
for failing to implement corrections in the
required timeframe. A total of 17 manuscripts
were accepted for publication in the 2022
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.

Professor Patricia Forbes
University of Pretoria
Dr Gerhard Fourie
Mamadi & Company
Dr Henno Havenga
North-West University
Dr Micky Josipovic
North-West University
Dr Danitza Klopper
University of Limpopo
Dr Gerrit Kornelius
University of Pretoria
Dr Kristy Langerman
University of Johannesburg
Dr Brigitte Language
North-West University
Dr Refiloe Letsoalo
MINTEK
Dr Hanlie Liebenberg-Enslin
Airshed Planning Professionals (Pty) Ltd

Chairperson of the NACA 2022
Scientific Review Committee
Dr Anzel de Lange, University of Limpopo

Professor David Motaung
University of the Free State

Dr Katye Altieri
University of Cape Town

Professor Stuart John Piketh
North-West University

Professor Harold Annegarn
North-West University

Professor Hannes Rautenbach
Akademia

Dr Mokae Bambo
MINTEK

Dr James Tshilongo
MINTEK

Dr Terri Bird
Airshed Planning Professionals

Dr Martin van Nierop
Gondwana Environmental Solutions

Professor Roelof Burger
North-West University

Dr Andrew Venter
SASOL

Dr Lucian Burger
Airshed Planning Professionals (Pty) Ltd

Dr Marcell Venter
SASOL

Dr Nicola Enslin
North-West University

Dr Johanna von Holdt
University of Cape Town
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Programme

2022 Conference of the National Association for Clean Air
WEDNESDAY, 5 OCTOBER 2022
09:00 – 13:00

Multi-stakeholder Workshop (HYBRID)
Department of Forestry Fisheries and the Environment

13:00 – 14:00

Lunch

14:00 – 15:30

GCRF Mine Dust and Health Network Technical Session (HYBRID)
“An action plan for the responsible management of Mine Tailings Storage
Facilities (TSFs) to minimise dust”

15:30 – 15:45

Mid-afternoon Refreshments

15:45 – 17:00

GCRF Mine Dust and Health Network Technical Session (HYBRID)
“An action plan for the responsible management of Mine Tailings Storage
Facilities (TSFs) to minimise dust” (Continued)

THURSDAY, 6 OCTOBER 2022
07:30 - 08:30

NACA Registration & Refreshments
Plenary Session:
Ms Gabi Mkhatshwa, National Association for Clean Air

08:30 - 08:40

Opening by the President of the
National Association for Clean Air
Ms Gabi Mkhatshwa

08:40 – 08:45

NACA Conference Sponsor
GCRF Mine Dust and Health Network

08:45 - 09:15

Air Quality Management Highlights and
Legislative Developments
Dr Patience Gwaze, National Air Quality Officer, Department of Forestry
Fisheries and the Environment
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THURSDAY, 6 OCTOBER 2022 (continued)
09:15 - 09:45

Reduced-complexity air quality models: tools for
nimble policy assessment
Prof. Peter Adams, Department Head of the Engineering and Public
Policy Department, Professor in the Civil and Environmental Engineering
Department, Carnegie Mellon University, USA

09:45 - 09:50

NACA Conference Sponsor
Eskom
Session 1: Air Quality Governance and Policy
Session Chair: Mr Avinash Ramsaywok, EnviroServ Waste Management

09:50 - 10:10

Tier 2 greenhouse gas emission factors for South African
liquid and gaseous fuels
Gerrit Kornelius

10:10 – 10:30

A Critical Assessment of current policies that will drive future
emissions in Johannesburg, Ekurhuleni, and Tshwane
Sarisha Perumal

10:30 - 10:50

Mid-morning Refreshments - Exhibition and Poster Viewing
Session 2: Monitoring and Modelling
Session Chair: Prof. Rebecca Garland, University of Pretoria

10:50 - 11:10

A hybrid air pollution / land use regression model for predicting
air pollution concentrations in Durban, South Africa
Hasheel Tularam

11:10 – 11:30

Particle collection efficiency of various electrode
configurations during electrostatic precipitation
Petronella Jacobs

11:30 – 12:10

Atmospheric transport of iron-rich dust to Henties Bay
and the adjacent Benguela Current
Nomthandazo Mosia
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Programme

2022 Conference of the National Association for Clean Air
THURSDAY, 6 OCTOBER 2022 (continued)
12:10 – 12:30

An exploratory assessment of the effect of urban form
metrics and land cover on air quality in Gauteng
Siyabonga Simelane

12:30 – 12:50

The influence of meteorology on landfill gas emissions:
A case study of a rural landfill in South Africa
Prince Njoku

12:50 – 13:10

Temporal variation of particulate matter and the influencing
meteorology in Phalaborwa, South Africa
Rebecca Adeeyo

13:10 - 14:00

Lunch
Session 3: Air Quality and Human Health Impacts
Session Chair: Dr Hasheel Tularam, SRK Consulting

14:00 – 14:05

NACA Conference Sponsor
National Metrology Institute of South Africa

14:05 - 14:25

Elemental analysis of aviation fuel and aircraft soot particles
Hlayiseka Yingwani

14:25 - 14:45

The effect of Covid-19 on emissions from the transportation
sector in Gauteng
Zusipe Mbodla

14:45 - 15:05

The determinants of households energy fuel choice in
Limpopo Province the case study of Boshega Village
Khuthadzo Manyatsha

15:05 – 15:30

Mid-afternoon Refreshments - Exhibition and Poster Viewing

15:30 - 17:00

Eskom Workshop: “Taking Eskom JET forward – Eskom
repowering and repurposing projects”

17:00 – Late

NACA Ice-Breaker Cocktail - Exhibition Area
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FRIDAY, 7 OCTOBER 2022
08:00 - 08:25

Tea & Coffee Refreshments

08:25 - 08:30

Plenary Session: Welcome & Introduction
Session Chair: Prof Patricia Forbes, University of Pretoria

08:30 - 09:00

The Time Is Now To Find Each Other To Control Pollution
Mr Ian Sampson, Partner, Head of the Environmental and Clean Energy
Law Department

09:00 – 09:05

NACA Conference Sponsor
Lakes Environmental (Video)

09:05 - 09:35

Air quality and Quality of Life
Dr Montagu Murray, Chief Executive Officer, NOVA Institute
Session 4: Monitoring and Modelling
Session Chair: Dr James Tshilongo, MINTEK

09:35 – 09:55

Quantifying on-road PM10 emissions within low-income
settlements: Bokamoso case study
Ncobile Nkosi

09:55 – 10:15

Assessment of ambient air quality around university residences
in Thohoyandou, South Africa
Tolulope Aniyikaiye

10:15 – 10:35

A dynamic implementation of the US EPA unpaved
roads dust emissions methodology
Mogesh Naidoo

10:35 – 10:40

NACA Conference Sponsor
South African Council for Natural Scientific Professions (SACNASP)

10:40 – 11:10

Mid-morning Refreshments - Exhibition and Poster Viewing
Session 5: Emissions
Session Chair: Mr Siya Mkhize, Shepstone & Wylie Attorneys
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Programme

2022 Conference of the National Association for Clean Air
FRIDAY, 7 OCTOBER 2022 (continued)
11:10 – 11:30

Valorisation potential of synthetic gypsum produced from
Eskom’s wet Flue Gas Desulphurization (FGD) process
Pieter Swart

11:30 – 11:50

Bottom-up vehicle emissions inventory – eThekwini
Anja van Basten

11:50 – 12:10

Polycyclic aromatic hydrocarbon emissions arising from
domestic combustion: a Kenyan case study
Patricia Forbes

12:10 – 12:30

A winter status quo air quality assessment in a South African
township: Ezamokuhle, Mpumalanga
Anesu Shamu

12:30 - 13:30

Lunch
Session: 3-Minute Talks
Session Chair: Dr Brigitte Language, North-West University

13:30 - 14:00

3-Minute Talks

14:00 - 14:30

The Quintuple Helix of Innovation as a pathway for
NACA to effective air quality management
Prof. Roelof Burger, Associate Professor, School of Environmental
Sciences and Development, North-West University

14:30 - 14:45

Mid-afternoon Refreshments

14:45 – 15:00

Awards for Best Papers & Conference closing
Ms Gabi Mkhatshwa, National Association for Clean Air
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Keynote Speakers

REDUCED-COMPLEXITY AIR QUALITY MODELS:
TOOLS FOR NIMBLE POLICY ASSESSMENT
Prof. Peter J. Adams
Department Head of the Engineering and Public Policy Department and a
Professor in the Civil and Environmental Engineering Department at Carnegie Mellon University.

Abstract
In the United States and other developed countries, a fairly elaborate system is in place for monitoring and
regulating air quality. Chemical transport models (CTMs) are an important component of this system. CTMs
are computer simulations that predict the changes in air pollutant levels that would result from a change in
emissions. However, CTMs are resource intensive. Even in the United States, few groups have the capability
to run CTMs and doing so requires weeks or months of analysis. Lacking the ability to do CTM simulations,
many analysts quantify changes in air pollutant emissions but do not go on to quantify impacts on air quality
and health end points. As an alternative, researchers have developed a set of reduced-complexity models
(RCMs) for air quality and evaluated them against state-of-the-art CTMs. RCMs can estimate the changes
in PM2.5 mortality stemming from an emissions change with accuracy comparable to that from a CTM but

with only a few hours of spreadsheet analysis. Spatially resolved analyses, e.g. predicting changes in PM2.5
concentrations, require only basic programming skills, e.g. the ability to evaluate matrix multiplications. RCMs
enable a much wider variety of decision-makers to consider air pollution’s health impacts in their analyses at
much less effort. While most RCM work to date has focused on the United States, the approach holds great
promise for developing countries that are just starting to build capacity for air quality decision-making. Our
vision is that low-cost sensors and reduced-complexity air quality models together might form a basis for
scientifically informed air quality decision-making without the resource commitments inherent in traditional
approaches.
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A HYBRID AIR POLLUTION / LAND USE REGRESSION MODEL FOR PREDICTING AIR POLLUTION
CONCENTRATIONS IN DURBAN, SOUTH AFRICA
Hasheel Tularam 1, *, Lisa F. Ramsay 1, Sheena Muttoo 1, Bert Brunekreef 2,
Kees Meliefste 2, Kees de Hoogh 3, 4, Rajen N. Naidoo 1
1

Discipline of Occupational and Environmental Health, University of KwaZulu-Natal, Durban, South Africa
2
Institute for Risk Assessment Sciences, Utrecht University, the Netherlands
3
Swiss Tropical and Public Health Institute, Basel, Switzerland
4
University of Basel, Basel, Switzerland
*
Corresponding author , e-mail addresses: hasheel.tularam@gmail.co.za (H. Tularam),
ramsayl@ukzn.ac.za (L.F. Ramsay), sheena.muttoo@gmail.com (S. Muttoo),
c.dehoogh@swisstph.ch(K. de Hoogh), naidoon@ukzn.ac.za (R.N. Naidoo).

Abstract
The objective of this paper was to incorporate source-meteorological interaction information from two
commonly employed atmospheric dispersion models into the land use regression technique for predicting
ambient nitrogen dioxide (NO2), sulphur dioxide (SO2), and particulate matter (PM10). The study was undertaken
across two regions in Durban, South Africa, one with a high industrial profile and a nearby harbour, and
the other with a primarily commercial and residential profile. Multiple hybrid models were developed by
integrating air pollution dispersion modelling predictions for source specific NO2, SO2, and PM10 concentrations
into LUR models following the European Study of Cohorts for Air Pollution Effects (ESCAPE) methodology to
characterise exposure, in Durban. Industrial point sources, ship emissions, domestic fuel burning, and vehicle
emissions were key emission sources. Standard linear regression was used to develop annual, summer and
winter hybrid models to predict air pollutant concentrations. Higher levels of NO2 and SO2 were predicted in
south Durban as compared to north Durban as these are industrial related pollutants. Slightly higher levels
of PM10 were predicted in north Durban as compared to south Durban and can be attributed to either traffic,
bush burning or domestic fuel burning. The hybrid NO2 models for annual, summer and winter explained
60%, 58% and 63%, respectively, of the variance with traffic, population and harbour being identified as
important predictors. The SO2 models were less robust with lower R2 annual (44%), summer (53%) and winter
(46%), in which industrial and traffic variables emerged as important predictors. The R2 for PM10 models
ranged from 80% to 85% with population and urban land use type emerging as predictor variables.
Keywords:

Air pollution, Land use regression, Hybrid modelling, Dispersion modelling
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TEMPORAL VARIATION of PARTICULATE MATTER and THE INFLUENCING
METEOROLOGY IN PHALABORWA, SOUTH AFRICA.
Rebecca O. Adeeyo*1, Joshua N. Edokpayi1, Rachel Makungo2, Stuart Piketh3
1

Department of Geography and Environmental Science, Faculty of Science, Engineering and Agriculture,
University of Venda, Thohoyandou,0950, South Africa, doyinadeeyo@gmail.com;
joshua.edokpayi@univen.ac.za
2Department of Earth Science, Faculty of Science, Engineering and Agriculture, University of Venda,
Thohoyandou, 0950, South Africa, Rachel.Makungo@univen.ac.za
3School

of Geo and Spatial Science, Northwest University, Potchefstroom, South Africa,
stuart.piketh@nwu.ac.za

Particulate matter, especially PM2.5 (particles that are 2.5 microns or less in diameter)
exposure, has been the foremost environmental risk issue globally. The study
investigates the temporal variations of particulate matter and analyses the influencing
meteorological factors in Phalaborwa and its environs from 2019 to 2021. The observed
daily PM2.5 and PM10 (particles that are 10 microns or less in diameter) concentrations
did not exceed the National Ambient Air Quality Standard (NAAQS) within the study
period. The World Health Organisation (WHO) PM2.5 and PM10 set guidelines were
exceeded for 247 and 97 days, respectively. The diurnal pattern of PM10 and PM2.5
revealed two prominent peaks matching the morning and evening mining as well as
domestic wood burning in and around the community. The monthly peaks for both PM10
and PM2.5 show high concentration during winter season. Also, PM2.5 and PM10
correlation revealed a strong positive association with a significant coefficient correlation
of 0.75. Moreover, the correlation of PM10 and PM2.5 with the meteorological parameters
showed weak negative or positive association. Emission from this area may be
generated from the mining, and domestic wood burning in and around the community.
Keywords: correlation, humidity, particulate matter, temporal variation, temperature,
solar radiation,

1. Introduction
Air pollution is a global challenge and has been a
public concern with high scientific interest in
investigating the particulate matter. This is because
of the instigating negative effects on human health,
climate, and the entire atmospheric environment
(Saud and Paudel, 2018). Exposure to particulate
matter, especially PM2.5 is recognised as the
foremost environmental risk issue for the worldwide
burden of disease, with about 4.2 million deaths in
2015 (Cohen et al. 2017). The particulate
concentrations are influenced by various natural and
anthropogenic sources, local and long-range
transport, meteorology, and the formation of
secondary pollutants within the atmosphere (Maning
et al. 2018).
The study of temporal variation would help to
better understand the contributing sources and the
mechanism formation of particulate pollution to offer
a basis for improved prevention and control. Adesina

et al. (2022) found that PM2.5 (particles that are 2.5
microns or less in diameter) and PM10 (particles that
are 10 microns or less in diameter) were significantly
generated from domestic burning in Kwazamokhule
exceeding the daily and annual National Ambient Air
Quality Standards (NAAQS). Sangeetha and
Sivakumar,
(2018)
studied
the
long-term
spatiotemporal analysis of SO2 in South Africa and
found that SO2 is high across the main industrial
areas of Mpumalanga, in all seasons. Therefore, the
spatiotemporal variations across various economic
and highveld areas are important.
The township of Phalaborwa and its surroundings
has significant development including mining and
processing
industries
in
Ba-Phalaborwa
Municipality. Mining sectors and the industries have
promoted the economy but may have negatively
affected the environment. The use of wood fuel for
domestic purposes in the surrounding of Phalaborwa
with other human activities has majorly caused
pollution.
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This work aims to study the temporal variation of
particulate matter in Phalaborwa and its surrounding
from 2019 to 2021, as well as to examine the major
sources of contribution.

2. Methods
2.1 Study site description
Phalaborwa area is in Ba-Phalaborwa Local
Municipality, Mopani District, Limpopo Province, and
situated in the north-eastern part of South Africa.
The vicinity of Phalaborwa has major sources of
emissions such as mining, domestic wood burning
activities from the surrounding villages, traffic, and
biomass activities in and around the community. The
climate of Phalaborwa region is characterised by
hot, wet summers and mild, dry winters, having a
mean summer temperature of 24°C, a mean winter
temperature of 18.50°C, and a mean annual rainfall
of 481 mm (Stevens et al. 2014).

2.2 Data collection and quality control
The ambient data and meteorology for three
consecutive years (2019-2021) were collected from
the Phalaborwa monitoring station to study the
temporal variability of the area. The station is located
at the township with a geographical location at
latitude 23o 56l 30.56llS and longitude 31o8l9.99llE. In
the station, particulate matter (PM2.5 and PM10) was
measured in micrograms per meter cubic (µg/m3)
using Thermo Electron analysers. The data were
made available in 10 minutes intervals.
The data quality at the measuring site was
maintained by consistent visits. Bimonthly span
calibrations were done regularly. The zero checking
of the instruments were also maintained
consistently. The cleaning of the data to exclude
measurement during power failure and instrument
breakdowns, as well as the application of date and
time correction to each of the raw data files was done
(Laban et al. 2018). After the cleaning, the data were
averaged into hourly concentrations.

2.3 Data analysis
The descriptive analysis, such as mean, median,
1st quartile, 3rd quartile, minimum, maximum (Table
1) and percentage of usable data were achieved
using the R statistical package. The calculation and
plots of the data were achieved using an open-air
package in R statistical software (Carslaw and
Ropkins, 2012; Carslaw, 2019). The methods and
functions used in the R application are described
below.

Monthly variation plots for meteorological
parameters
Meteorological parameters such as solar
radiation, temperature, pressure, and relative
humidity were studied. The monthly distributions of
these parameters are presented in bar charts
(Figure 1).

The plotting of wind rose
Windrose was used to describe the variation in
wind direction and wind speed during the study
period. The seasonal variation effect of the variables
was calculated and plotted in this study (Figure 2).
However, other variations such as annually, and
monthly wind rose can also be plotted. The data is
usually calculated by direction using 30o or 45o.

The pollutant level by percentile using wind
direction
The percentileRose function is used to plot the
pollutant level in percentiles using wind direction.
According to different percentile that was estimated,
filled lines are presented in the plots. These plots
showed varying distribution of the concentration by
direction. This function can be used to identify
different sources by wind direction. In this study, the
percentileRose for PM2.5 and PM10 levels by season
was estimated and plotted (Figure 3).

The diurnal and monthly variation of the
pollutant concentration
The diurnal and monthly variations were explored
using the time variation function. The diurnal
variations (Figure 4) show the 95% confidence
interval in the mean concentration of the pollutants.
This will assist in quantifying the uncertainty-limiting
sources of the pollutants (giving an indication of how
the behaviour of one source is significantly different
from the other). The monthly variations were
estimated using the median to see the distributions
of the concentrations. The median plot presents the
25/75th and 5/95th quantile values (Figure 5).

Exceedances of air quality limits
The exceedances of air quality limits in the data
were calculated using the Kernel Exceed function in
R statistical package. The purpose of the function is
to estimate kernel density with the plots. The plots
showed the daily exceedances, and these are
summarised and presented in a table (Table 2).
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Correlations
The statistical relationship between the pollutant
concentration and the meteorological parameters
were analysed using the Pearson correlation
coefficient.

3. Results and Discussion
3.1 Meteorological state
The concentration of air pollutants in the
atmosphere depends on two major factors, the
sources of emission and the atmosphere's ability to
disperse the pollutants. The dispersal of the pollutant
is principally enhanced by the state of the
meteorological condition, such as temperature, solar
radiation, humidity, wind speed, and wind direction
in the atmosphere (Wexler, 1961, Mues et al. 2017).
These meteorological conditions influenced the
pollutants by restricting them in the area for some
time before being transported to another area (Lu et
al. 2022).
Figure 1 shows the monthly mean variation of
solar radiation, temperature, pressure, and relative
humidity. Lowest monthly solar radiation occurred in
June (100 watt/m2). This may influence the increase
of PM2.5 and PM10 concentration during winter
season. As anthropogenic PM2.5 and PM10
increases, it significantly weakens the solar radiation
and enhance diffuse radiation through absorption,
reflection and scattering of solar lights. Thus, alters
the partitioning of direct and diffuse radiation through
the increase of diffuse fraction (Gao et al. 2018;
Sorribas et al. 2019). Also, the lowest monthly
temperature occurred in June and July (winter
season) at 18oC, which may contribute to PM2.5 and
PM10 concentration due to temperature inversion.
The thicker the inversion layer, with high alteration in
temperature, the more difficult the pollutant
concentration disperse in the vertical direction
(Meng et al. 2019).
High pressure occurred in June (970 mbar) and
July (971 mbar) while low relative humidity occurred
during July (50%). This may influence the
atmospheric stability. The increase in the
atmospheric stability may directly influence the
mixing height due to the convective process and
wind dynamics (Aliabadi et al. 2016; FloresJamenez et al. 2021). Thus, contributing to rise in
the concentration of PM2.5 and PM10 during the winter
seasons (June, July, and August). Also, the
seasonal effect of these pollutants may be due to the
noticeable impact of meteorological conditions that
are not controllable.
Figure 2 shows wind rose by seasonal variation
of wind direction and windspeed in Phalaborwa area.
This revealed the average wind speed during

autumn as 2.28 m/s, winter as 2.18 m/s, followed by
summer as 1.86 m/s, and spring is 1.69 m/s. The
wind direction is primarily from southeast and
blowing to northwest throughout the seasons. In
winter, less than 10% of the blowing wind occurs in
all directions indicating minimal wind blowing around
the community.
Table 1 shows the summary descriptive statistics
of the monitored selected air pollutants during 2019
to 2021 in Phalaborwa. The statistics present the
annual mean, median, minimum, maximum, 1st
quartile, and 3rd quartile of the pollutants and
meteorological variables. The percentage analysis
of usable data after cleaning for the pollutants and
the meteorological parameters is 80%. The annual
mean concentration of PM2.5 is 11.74 µg/m3 and
PM10 is 26.08 µg/m3, respectively. Also, for
meteorology, the annual mean for temperature,
humidity, pressure, solar radiation, wind speed, and
wind direction are 20.84oC, 64.94%, 967 mbar,
149.97 watt/m2, 142.20 m/s, and 164.80o
respectively.
Figure 3 shows the percentileRose plot as
function of season for 2019 - 2021 within the study
area. The estimated percentile levels of pollutant
concentrations (PM10 and PM2.5) are plotted using
wind direction. It shows the predominant direction of
the sources of pollutant concentration. PM2.5 (Figure
3a) and PM10 (Figure 3b), shows similar
characteristics. Both pollutants have increased
concentration during winter and autumn from all
wind directions. This may indicate the influence of all
existing sources in and around the region from all
directions. During spring season, increased
concentration occurred from all direction for PM2.5.
For PM10, observed concentration occurred mostly
from south-eastern wind direction. During summer,
the increased concentration recorded for PM10 and
PM2.5 mostly from south-eastern wind direction.
During the period, high ambient concentration may
be the influence of mining activities majorly from
south-east and domestic wood burning principally
from northwest as well as traffic activities within and
around the area.
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Table 1: Descriptive statistics of pollutant concentration and its meteorology for Phalaborwa station (2019 - 2021)

STAT

PM10

PM2.5

Temp

Hum

wd

ws

Sol rad

Press

(µgm-3)

(µgm-3)

oC

(%)

deg

m/s

Watt/m2

(mbar)

Min

1.17

0.00

5.62

2.56

0.00

0.00

0.00

946.80

1st quartile

15.23

6.80

17.94

46.08

119.20

1.21

0.00

963.20

Median

20.66

9.71

21.26

64.08

142.90

1.72

4.42

966.60

Mean

26.08

11.74

21.48

64.05

162.80

1.99

149.91

966.70

3rd quartile

28.17

13.61

24.65

83.05

193.30

2.46

210.19

970.00

Max

863.03

132.93

41.76

100.54

360.00

8.66

1056.10

985.10

PM10: particulate matter ≤ 10 µm; PM2.5: particulate matter ≤ 2.5 µm; Temp: Temperature; Hum: Humidity; wd: wind direction;
ws: windspeed; sol rad: solar radiation; press: pressure.

Figure 1: Monthly mean variation for temperature, solar radiation, pressure, and relative humidity in
Phalaborwa station for 2019-2021
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Figure 2: Wind rose plot by season for Phalaborwa station during 2019 – 2021

Figure 3. The percentileRose plot by the season for (a) PM2.5 and (b) PM10 at Phalaborwa for 2019-2021
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3.2 The ambient data
The diurnal and monthly variation of PM2.5 and
PM10 pollutant concentrations
Figure 4 shows the diurnal pattern of PM2.5 and
PM10 revealed two major peaks. The morning peak
corresponds to 08:00h in the morning. The peak
matches the morning cooking pattern around the
area and the highest peak of the mining activities in
the area. The peak in the evening coincides with the
evening cooking pattern around the area and the
evening mining activities. This cooking pattern is the
same in Kwazamokhule community in South Africa
(Adesina et al. 2022) and rural communities in Nepal
and South Asia (Ram and Badadur, 2020). Other
minor peaks may be due to the contribution of other
emission sources in the area such as vehicular, and
biomass. PM2.5 and PM10 showed similar patterns,
which may result from similar sources of emissions
in the area.

Figure 5: The monthly variation of PM2.5 and PM10
concentrations at Phalaborwa for 2019-2021

Pollutant exceedance
Table 2 shows the daily exceedance of the World
Health Organisation (WHO) and National Ambient
Air Quality Standards (NAAQS). PM2.5 and PM10
exceeded the daily limits for PM2.5 and PM10 WHO
set guidelines by 247 and 97 days respectively. Also,
the observed PM2.5 and PM10 did not exceed the
daily NAAQS limits within the period of study.

Pearson correlation between the pollutant’s
concentration and meteorological parameters

Figure 4: The diurnal variation of PM 2.5 and PM10
concentrations at Phalaborwa for 2019-2021

Monthly trends of the pollutant concentration
Figure 5 presents the monthly mean variation of
the pollutant concentration. The pollutants presented
a minimal range of concentrations monthly. The
maximum peak for PM10 concentration occurs in July
(37 µg/m3), followed by August (36 µg/m3), while
PM2,5 has its maximum peak in August (18 µg/m3),
followed by July (17 µg/m3). This showed that both
PM10 and PM2.5 have their highest peaks in winter.
The minimal mean concentration for PM10 and PM2.5
occurred in January (one of the summer months)
with 15 µg/m3 and 4.5 µg/m3, respectively.

Table 3 shows the Pearson correlation between
the
particulate
concentrations
and
the
meteorological parameters. The linear correlation
between PM2.5 and PM10 is a positively strong
association (r= 0.75). From literatures, the emission
of PM2.5 from various anthropogenic sources may be
accompanied by PM10. Thus, may give a strong
positive association. The correlation of PM10 and
PM2.5 with the meteorological parameters shows a
low negative or positive association. The
correlations of PM2.5 and PM10 with wind speed
present weak positive correlations r = 0.01 and r =
0.2, respectively, for the whole study period.
Filonchyk et al. (2018) confirmed that high
particulate concentrations are found with low wind
speed while low particulates are recognised with
high wind speed.
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Table 2: Daily pollutant exceedances of WHO and d NAAQS air quality standard

Pollutant

WHO
exceedance

NAAQS
exceedance

24hrs
n (standards)

24hrs
n (standards)

3

PM

3

247(15 µg/m )

2.5

3

97 (45 µg/m )

10

4

0 (40 µg/m )

3

PM

Permissible number of
exceedance per year

4

0 (75 µg/m )

n = number of exceedance days
Table 3: Pearson correlation coefficients between air pollutants and meteorological factors for 2019-2021

Variables

PM2.5

PM10

ws

wd

Temp

Solar
rad

Rh

Pressure

PM2.5

1

PM10

0.75

1

ws

-0.01

0.20

1

wd

0.13

0.10

-0.14

1

Temp

-0.02

-0.09

0.08

-0.14

1

Rh

-0.28

-0.16

-0.01

-0.01

-0.48

1

Solar rad

-0.04

-0.04

0.10

0.10

0.55

-0.38

1

Pressure

-0.060

0.03

0.03

-0.02

-0.64

0.15

-0.12

1

PM10: particulate matter ≤ 10 µm; PM2.5: particulate matter ≤ 2.5 µm; ws: windspeed; wd: wind direction; Temp: Temperature
Hum: Humidity; sol rad: solar radiation; press: pressure

Moreover, correlations of PM2.5 and PM10 with
wind direction showed a low positive correlation, r =
0.13 and r = 0.10 respectively, indicating the
emissions are from different directions (Adesina et
al. 2022). The correlation of PM2.5 and PM10 with
temperature, solar radiation and relative humidity
revealed a low negative association which may
influence an increase in the pollutant’s
concentrations.

4. Conclusion
The air quality in the Phalaborwa area in the
vicinity of Phosphate and Copper mining and the
presence of other sources such as domestic wood
burning, traffic, and biomass burning, were
evaluated for temporal variations and pollutants
exceedance.

Observed PM2.5 and PM10 did not exceed the
NAAQS daily limit within the study period. Diurnal
and monthly variations were investigated for the
pollutant concentrations. The diurnal peaks of PM2.5
and PM10 showed two major peaks, which
correspond to mining, and domestic cooking
activities. Other minor peaks in particle
concentrations may suggest emissions from
biomass, vehicular and regional sources.
The monthly peaks show high concentrations
during winter season for both pollutants. The
correlation
between
the
pollutants
and
meteorological factors studied showed a weak
negative or positive association. It is noted that
correlations between PM2.5 and PM10 have strong
positive associations. It is also notable that emission
from this area may be generated from the mining,
and domestic wood burning in and around the
community.
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Air pollution is an environmental risk factor to human health globally. Exposure to ambient fine particulate
matter (PM2.5) is a major health challenge around the world, due to its minute size and potency to penetrate
through the lungs into the circulatory system where its detrimental effect is felt. While some of the developed
countries have well-developed air quality monitoring systems, most developing nations still struggle with very
basic monitoring or no monitoring at all. The conventional air quality monitoring systems are capital-intensive
and require robust infrastructure and technical capacity for operations. The deployment of low-cost sensors
for continuous air quality monitoring is a good alternative to the conventional methods used for exposure
studies. The aim of this study is to assess the ambient air quality around University Residences in Vhembe
District, South Africa, using a low-cost Dylos DC1700. The PM2.5 concentrations across two University student
residences were monitored from February to April 2021 and the temporal-spatial variability of PM2.5 was
determined. Results showed the highest concentrations of PM 2.5 was recorded in April for the two locations.
Also, peak concentrations of PM2.5 were observed in the morning and evening around 6H00 - 9H00 and 20H00
- 21H00, respectively. Throughout the sampling months, relatively high levels of PM2.5 were also observed
during the weekdays compared to the weekends, except in April. High-quality, freely available real-time data
on air pollution in developing countries is essential to generate policies that would aid emissions reduction and
improvement in air quality especially in suburb regions where there is sparse data on ambient air quality.
Keywords: Air quality monitoring, Dylos DC1700, fine particulate matter (PM2.5), temporal-spatial variability.
(Cairncross; KCRC 2019, Saaqis 2022; LEDET
1. Introduction
2013). The majority of air quality monitoring studies
centred around developed areas (Laakso et al.,
Air pollution is a major challenge to human health
2008; Worobiec et al., 2011; Valsamakis 2015).
in low-income nations (Kigali Collaborative
However, less preference is given to rural
Research Center, KCRC 2019). Across the globe,
environments such as the Vhembe district of
exposure to ambient fine particulate matter (PM2.5)
Limpopo (Saaqis 2022; LEDET 2013).
poses a great concern (Kumar et al., 2015; WHO,
The absence of air quality data due to the non2018), due to its insignificant size and ability to be
affordability of monitoring equipment in many lowtransported through the lungs into the body system
income nations, underestimates the severity of air
(Johari et al., 2017; Thygerson et al., 2019).
pollution problem, as there is no proof to show the
Roughly, 91% of the world’s populace live in cities
decline of air quality in those area, thus creating a
with PM2.5 levels exceeding the WHO air quality
harmful cycle (Ngo et al., 2019). Air quality data with
threshold (WHO, 2018) with higher gravity of the
high spatial and temporal resolution is required for
exposure experienced in low to medium-income
emission control and for identifying vulnerable
nations (Gakidou et al., 2017).
groups in a population (Jovasevic-Stojanovic et al.,
Unlike the developed world, where air quality
2019).
monitoring systems are well-developed, most
The quest for extensive, inexpensive, and fast air
developing nations especially in Africa, are battling
quality monitoring assessment with high spatial
with
fundamental
air
quality
monitoring
resolution, and their implication to human health has
(Roychowdhury et al., 2016). Advanced air quality
led to the development of low-cost (LC) miniature
monitoring systems are capital-intensive and require
sensors used for real-time measurement of air
robust infrastructure and technical capacity
pollutants (Kumar et al., 2015; Carvlin et al., 2017;
regarding quality control of data, operations, and
Han et al., 2017; Ngo et al., 2019; Franken et al.,
dissemination (Roychowdhury et al., 2016), however
2019). Over the years, the acceptance and
this is prohibitively expensive for cities in the
deployment of LC sensors in developed countries
developing world (Kumar et al., 2015; Sousana et al.,
have brought about improvement in air quality
2017; Han et al., 2017).
research, increased public awareness on air
In South Africa, the relatively few air monitoring
pollutants effect on human health, and tremendous
stations are mostly sited within the vicinity of major
improvements in health impacts (Awokola et al.,
industrial and densely populated urban centres
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2020). Therefore, the deployment of low-cost
sensors for continuous air quality monitoring is a
good alternative to the conventional methods used
for exposure studies.
Most studies conducted in low-income nations
using Dylos DC1700 particulate matter sensor, have
been undertaken in a qualitative manner (Ngo et al.,
2019). These studies have given indications of
potential success of low-cost sensors, if deployed for
quantitative measurement of PM in space and time
(Jovasevic-Stojanovic et al. 2019). Aniyikaiye et al.,
(2021) assessed the PM2.5 levels at sites with
different land-uses in four villages and a town within
Vhembe district, using Dylos DC1700. For the study,
the particle mass concentration (PMC) of PM2.5 was
generated from the polynomial equation derived
from five days collocation exercise with BAM 1020
reference instrument. This study is a build-up on the
previous study, however, the PMC of PM2.5 was
generated from correction factor derived from five
months
collocation
exercise
with
GRIMM
Environmental Dust Monitor #180. The aim of this
study is to further investigate the efficacy of Dylos
DC1700 in continuous monitoring of PM2.5 and to
assess the ambient air quality around University
Residences in Thohoyandou, South Africa.

2. Methods

Thohoyandou is the administrative centre
of Vhembe District Municipality and Thulamela
Local Municipality. Thohoyandou is situated in the
South of the Vhembe district, sharing boundaries
with Louis Trichardt and the Kruger National Park.
Thohoyandou is a luxuriant agricultural centre of
the Vhembe Region, surrounded by small
rural settlements. It is currently one of the fastest
emerging towns in the Limpopo Province with a
population of about 70,000 (Limpopo 2022).
Thohoyandou is also home to the University of
Venda. The University of Venda has one main
campus with several residences for students
lodging.
Two student residences; A and B, were selected
for the study. Outdoor continuous monitoring of
PM2.5 was conducted at the two sites between
February 1 and April 31, 2021 (Fig.1). Site A is one
of the residences situated within the campus. Site A
was selected because of the restricted
anthropogenic activities around its environment. Site
B is a University residence outside the school
premises, where there are relatively higher
anthropogenic activities compared to site A.
The real-time measurements of PM2.5 were taken
using Dylos DC1700, which were stationed and
mounted at 1.4 m height at the selected locations
throughout the monitoring duration.

2.1 The Study Area
The study was performed at the University of Venda
in Thohoyandou, Limpopo Province of South Africa.

Figure 1: The Study Area map
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2.2 Instrumentation

2.3 Methodology and data analysis

Dylos DC1700 is a commercial-grade laserbased counter, fabricated for monitoring of particle
number concentrations (PNC) within an ambient
environment (Semple et al., 2013; Han et al., 2017).
The diameter, size, density, shape, and refractive
index of the particle influence the intensity of
dispersed light measured by the optical detector
(Tan, 2017; Scott, TSI Incorporated, 2016).
Preceeding the installation process, the Dylos
devices were calibrated with GRIMM Environmental
Dust Monitor #180 (GRIMM Technologies, Inc.) at
North-West University for a period of five months. A
correction factor and calibration coefficient R2 =
0.75, was obtained between the Dylos 10 minutes
PM2.5 readings and the PNC generated by the
GRIMM reference instrument. Intra- Dylos R2 values
of 0.99 to 1 were reported in the study conducted by
Aniyikaiye et al. (2021).
The Dylos device is programmed to collect air
quality data from the sampled air stream every
minute. Readings on the Dylos device are displayed
in 2 size bins; one counting all particles greater than
0.5 µm (the detection limit) and the other counting
only coarse particles above 2.5 µm (Dacunto et al.,
2015). PNC between 0.5 µm and 2.5 µm is
calculated from the difference between the PNC of
the large (>2.5 µm) and small (>0.5 µm) particles
(Dacunto et al., 2015; Semple et al., 2013; Han et
al., 2016; Franken et al., 2019). The measured data
are automatically stored in internal memory.
However, readings were collected from each
sampling point at least once in a week due to the
short memory storage capacity (eight days) of the
Dylos device. The device is provided with exclusive
programming Dylos Logger (V.1.60) to empower the
logged information from the instrument to be
downloaded (Semple et al., 2013). Data are
downloaded through a serial port to a computer
using a 9-pin serial/universal serial bus (USB) cable
(Manikonda et al., 2016; Han et al., 2017).
Readings from this device is usually expressed in
particle count per 0.01 cubic foot (0.283 litre) of air
(Semple et al., 2013). Given that there is no
epidemiological proof connecting PNC with health
impacts, it is highly essential to report the
measurement from the Dylos device in micrograms
per cubic meters (Tittarelli et al., 2008; Semple et al.,
2013). In this study, the observed correction factor
from the collocation exercise of GRIMM instrument
and Dylos DC1700 was used to calculate the
corresponding particle mass concentration (PMC) in
microgram per cubic meters. The internal battery of
the Dylos DC1700 was also complemented with a 12
votage-12 ampere battery, and solar panel.

Before the commencement of the study, Ethical
clearance (SES/19/ERM/08/1309) was obtained
from the University of Venda Research and Ethics
Committee. Permission was also obtained from the
Security and Asset Management department of the
University.
The meteorological data for Thohoyandou
spanning from February 1 to April 30, 2021, was
collected from South African Weather Service
Station at Thohoyandou (-23.079S, 30.383 E). The
collected meteorological data included hourly wind
speed, wind direction, temperature, precipitation,
and relative humidity.
Zero and negative PNC observed in the minute
readings of the installed Dylos instruments were
eliminated. The Dylos PNC data were converted to
the PMC using the correction factor generated from
the collocation exercise. Generally, a data set with
minimum of 80% level of completeness is required
for quality assurance and qualified for data analysis
(SANAS, 2000). However, this was lowered to
accommodate the functionality of the low-cost
instrument. For the 1-hour weighted PMC, 40% data
completeness was assumed representative,
therefore, only hourly readings above this threshold
(40% completeness) were retained. For calculation
of the average monthly data, 70% data capture was
used as the minimum requirement. The data
completeness for the processed dataset is
presented in Table 1. The observed data gaps were
as a result of inadequate power supply from the solar
panel. Figure 2 also shows the time series plot for
the two measuring sites. Excel 2022 and R-studio
statistical packages were used for analyzing the
collected data.
Table 1: Level of completeness of data
% Data completeness
Month
February
March
April

Site A
99.60
88.60
100.00

(a)
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Site B
70.00
85.50
85.30

120

300

100

250

80

200
60
150
40

100

20

50
0

0

Feb

Mar

Apr

Month
Total rainfall

Temp

RH

3. Results and discussion
3.1 Meteorological conditions during the
sampling period
For the period of sampling, the following ranges
were observed for meteorological parameters; total
monthly rainfall (2.6 to 295.6 mm), and monthly
averages of temperature and relative humidity(RH)
were 17.5 to 21.6°C and 73.6 to 83.3%, respectively.
The distribution of total rainfall, relative humidity, and
temperature across the sampling months in
Thohoyandou is presented in Figure 3a. Our study
showed that high rainfall level experienced in
February had profound influence on the RH.
Relatively lower levels of RH were observed in
March and April as the total rainfall level subsided.
This gives an indication of gradual transition from
summer (February and March) to autumn (April),
which had implications on the ambient air quality.
High RH in past studies (Hernandez et al., 2017;
Manju et al., 2018) were found to be associated with
weight increase of particulate matter resulting in dry
deposition and reduction in ambient particulate
matter levels. Also, the hourly wind speed ranged
from 0 to 7.3 ms-1 for the duration of this study, with
the predominant wind direction from south-west
direction (Figure 3b). An average wind speed of 2.02
ms-1 was observed throughout the sampling period
with monthly percentage calmness of 6.5 to 15.4 %
(Figure 3c).

Figure 3a: The distribution of total rainfall, relative
humidity and temperature across the sampling months

Figure 3b: The overall windrose for the period of
sampling.

Figure 3c: The monthly windrose for the period of
study.
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Relative Humidity (RH) (%)

Total Rainfall (mm)/ Temperature (ᵒC)

(b)
Figure 2. Time series of PM2.5 concentrations using hourly
averages at (a) Site A ; (b) Site B

350

3.2 Diurnal variation in PM2.5
The study showed similar diurnal PM2.5
concentrations trends at site A and B, however,
relatively higher PM2.5 concentrations were observed
at site B between 00h00 and 8h00 and from 18H00
to 23H00 (Figure 4). Two PM2.5 concentrations
peaks were observed at sites A and B. The morning
peak was observed between 6h00 and 7h30 at site
A, and from 7h30 to 8h30 at site B. The second peak
was observed in the evening around 20h00 and
21h00 at sites A and B, respectively. The peaks at
the two sites corresponds with times during which
domestic biomass burning, and vehicular congestion
reach the climax.
Further investigation showed reduced levels of
PM2.5 in February, which increased gradually from
March to April at both sites A and B (Figure 5a and
b). The gradual increase in PM2.5 level from February
over April was possibly influenced by the gradual
drop in total rainfall level, responsible for the wet
atmospheric scrubbing. In addition, the polar plots
showed that emissions at site A during weekdays
and weekends in March and April are localised.
However, relatively high PM2.5 concentration at low
wind speed was observed in the North-western
direction during weekend in April. The occurrence of
high PM2.5 level in the north-western direction
predominated by calm periods shows that the wind
speed do not have profound influence on the PM2.5
concentration at this period, therefore the source is
around the monitoring site A. Localised potential
sources in the north-western part of site A include
emissions from vehicles and construction sites.
For site B, reduced concentrations were
observed in February and March, with the source of
emission being localised. High PM2.5 concentration
was observed in the North-eastern direction, which
is the direction of the third prevailing wind. The likely
sources of emission in the North-eastern direction
influencing the PM2.5 concentration could be
emissions from Thohoyandou township, bush
burning and brick firing, as some informal
brickmaking industries are situated in the North
eastern part of monitoring site B. PM2.5 levels
observed in April at site B both during weekdays and
weekend are partly localised but predominantly high
PM2.5 concentrations were observed in the Northwestern direction. Potential sources in the Northwestern direction of site B are Thohoyandou
township, domestic biomass burning and vehicular
emissions. The high PM2.5 concentration observed
during weekends in April could be due to increased
level of biomass combustion for domestic purpose.

Figure 4: Average diurnal variation in PM2.5 concentration

Figure 5a: Variability in PM2.5 concentrations with the
weekdays across the sampling months with respect
to wind speed and wind directions at site A
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Figure 6: The concentration of PM2.5 across the
sampling months

Figure 5b: Polar plots indicating variability in PM 2.5
concentrations with the weekdays across the
sampling months with respect to wind speed and wind
directions at site B

3.3 The variability in monthly PM2.5
concentrations
The PM2.5 concentration at the selected sites
increased from February to April (Figure 6), with
monthly averages of 18.5 ± 5.5 µgm-3 and 21.1 ± 9.4
µgm-3; 21.8 ± 6.2 µgm-3 and 23.7 ± 9.3 µgm-3; 25.3
±8.9 µgm-3 and 29.3 ± 12.7 µgm-3 across the
sampling months; February, March and April, at sites
A and B, respectively. The differences in the monthly
mean of PM2.5 concentration at the two sites are
statistically significant for the period of study with p
values 1.2 * 10-18, 5.7 * 10-10 and 1.2 * 10-31 in
February, March and April, respectively. The
average monthly PM2.5 levels at the two monitoring
sites fell below the daily PM2.5 threshold limit of 40
µgm-3 throughout the monitoring period. With
respect to the annual PM2.5 threshold limit of 25 µgm3, air quality at sites A and B were non-compliance
with the regulatory standard only in April, with more
pronounced impact from site B. The relatively
increased PM2.5 concentration across the sampling
months could be highly influenced by total rainfall as
the level of monthly rainfall reduced drastically from
February to April. Our study showed that PM2.5
emissions in February and March at site A and B are
localised. The high concentrations from the two sites
in April were predicted to be mainly from the northwesterly wind direction, at low wind speed.

3.4 Correlations among the meteorological
parameters and PM2.5 concentrations
High correlation (r2 = 0.76) was observed
between the PM2.5 readings from sites A and B
during the sampling period (Figure 7a). The high
positive correlation shows high similarity in the
sources of the PM2.5 measurements from the two
sites. Moderately high correlation of r2 = -0.61 and
0.45 were obtained in the relationship between
humidity and temperature, and wind direction and
wind speed respectively. The negative correlation
between humidity and temperature during the study
period indicates rise in relative humidity level as
temperature decreases, vice versa. However,
calmness (low wind speed) was mostly experienced
in the Northernly direction (000°), while the wind
speed is relatively higher in other wind directions.
The relatively high level of calmness in the Northerly
direction is partly responsible for the high PM2.5 level
in the direction.
On the other hand, poor correlations were
observed among some tested parameters. For
example, the result showed negatively low
correlation of r2 = -0.12 and -0.13 between
temperature and sites A and B, respectively. Further
justification on this point is shown in Figure 7b. The
highest PM2.5 concentrations were observed at low
hourly temperature range of 20.5 to 24.3ᵒC at site A
and B. On the contrary, positively low correlations of
0.02 and 0.13 were obtained for the relationship of
relative humidity with PM2.5 concentrations at site A
and B respectively. This is further explained in Figure
7c, where the highest PM2.5 concentrations were
observed at a high range of relative humidity ranging
from 64 to 81%.
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Figure 7a: Correlations among the tested parameters

Figure 7b: Variation of PM2.5 concentration with
temperature

Throughout the monitoring period, the average
monthly PM2.5 concentrations obtained from both
monitoring sites were below the daily threshold limit
for PM2.5. However, the annual permissible limit for
PM2.5 were only exceeded by both sites in April with
relatively higher concentration at site B.
Observations from the study indicated that PM2.5
emission around the two monitoring sites are mainly
localised, except for high levels of PM2.5 observed at
low wind speed in the north westly direction during
weekend in April. In addition, negative correlation
was observed in the relationship between PM2.5
concentration and temperature, indicating the
possible drop in PM2.5 concentration with increased
temperature. Humidity on the other hand had a weak
positive correlation with PM2.5. Highest levels of
PM2.5 were observed at both site A and B at low
temperature range (20.5 to 24.3ᵒC) and high
humidity range (64 to 81%) from the north westerly
wind direction. Potential source situated in the north
westly part of A are construction sites and vehicular
roads. For site B, the probable sources are
Thohoyandou
township,
domestic
biomass
combustion and vehicular emissions.
The acceptance and deployment of relatively
cheap particulate matter sensors for use in air quality
monitoring would make the public aware of air quality
of their environment, thus edifying the general
society of their exposure to fine particulate matter.
The utilization of LC PM Sensors would likewise
facilitate public participation as these devices are
reasonably cheap and easy to work with. Data
obtained from Dylos DC1700 during air quality
monitoring activity could be applicable for generating
air quality data base, which could serve as a
framework for establishing environmental policies
and measures that would safeguard human wellbeing, in the closest future.
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A vast number of people in developing countries rely on solid fuels, including wood and
charcoal, for domestic energy supply. We have studied the gaseous polycyclic aromatic
hydrocarbon (PAH) concentrations in Kenyan homes in order to better understand the
potential health risks associated with domestic combustion practices and to advise
mitigation strategies. A comprehensive survey was conducted to elucidate the complex
and multi-faceted factors governing fuel use in Kenyan coastal and inland regions.
Results showed an almost equal distribution in fuel type usage between firewood,
charcoal, kerosene and liquid petroleum gas (LPG). In rural areas, three-stone stoves
were still predominant, whilst cleaner devices burning kerosene and LPG were used
more widely in urban communities. Indoor air was subsequently sampled in a range of
urban and rural households using portable polydimethylsiloxane sampling tubes and
ambient outdoor air samples were similarly taken in each region. These were extracted
using the plunger assisted solvent extraction (PASE) technique, followed by GC-MS
analysis of the U.S. Environmental Protection Agency (EPA) priority PAHs. Total PAH
concentrations in samples collected varied considerably (0.82 – 173.69 µg/m3), which
could be attributed to differences in fuel type, combustion device, climate, and nature of
the households. Higher PAH concentrations were found in rural homes, although
ambient PAH concentrations were higher in urban environments, likely due to traffic
contributions and population density. Toxicity equivalent quotient values varied widely
between households and emphasised the importance of good combustion practices to
minimise human exposure.
Keywords: Polycyclic aromatic hydrocarbon; combustion device; domestic combustion;
domestic air quality; indoor air quality; solid fuel.

1. Introduction
Household air pollution is the ninth highest global
risk factor contributing to disease, and long-term
exposure to household air pollution from the burning
of solid fuels contributed to 2.31 million deaths in
2019 (State of Global Air, 2020).
Many people in developing countries rely on the
use of solid fuels in their homes for heating and
cooking purposes (Osano et al., 2020). Concomitant
with the combustion of solid fuels - such as wood,
charcoal, dung and crop wastes - is the emission of
potentially toxic air pollutants, thereby incurring
human health effects (Munyeza et al., 2020).
These health effects may be acute or chronic and
range from minor upper respiratory irritations to

serious carcinogenic and respiratory disease
(Kampa and Castanas, 2008).
Polycyclic aromatic hydrocarbons (PAHs) are a
class of semi-volatile organic compounds which are
released to the atmosphere upon the combustion of
organic fuels. They are of ongoing research interest
due to their potential environmental effects and
human health toxicity (Sun et al., 2021). Once
emitted, PAHs may remain in the gas phase or be
adsorbed onto emitted soot particles (Forbes et al.,
2012). Previous research has shown that the
concentrations of PAHs in the gas phase often
greatly exceeds that of particle associated
concentrations (Geldenhuys et al., 2015). This
shows the importance of monitoring gas phase PAH
concentrations particularly when sources thereof are
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present in confined areas, such as vehicular road
tunnels (Nsibande et al., 2012), underground mines
(Geldenhuys et al., 2015), and inside homes.
In this study, we sought to better understand the
potential exposure of household occupants in Kenya
to gas phase PAHs arising from indoor fuel
combustion. This study provides useful insights into
the possible factors that can influence indoor PAH
levels emitted from cooking devices. It can also
serve as a basis for improving household energy
usage in order to mitigate the potentially harmful
PAH emissions that combustion devices generate
and thereby improve indoor air quality.

2. Methods
The first phase of the study involved a face-toface survey to elucidate the primary fuel types and
combustion devices used in rural and urban homes
in different regions (inland and coastal) of Kenya.
Thereafter, indoor air samples were taken during two
sampling campaigns in order to take into
consideration variations in fuel availability, cultural
practices, climate, altitude, and different dwelling
structures. Ambient air samples were also taken in
each region for comparison purposes.
Samples were taken using multichannel
polydimethylsiloxane (PDMS) traps equipped with
battery operated personal sampling pumps. This
setup provided a portable, simple and cost-effective
sampler for gas phase PAHs, which facilitated
sampling in remote rural areas. The PDMS traps
were subsequently extracted using an in-house
developed plunger-assisted solvent extraction
(PASE) technique (Munyeza et al., 2018), followed
by analysis by gas chromatography-mass
spectrometry (GC-MS).

2.1

Kenya and sampling was conducted in 12
households in 2018. The second campaign in 2019
focused on inland communities where 8 households
were monitored (in some cases emissions were
sampled at the same household from more than one
combustion device and/or fuel source). Further
details can be found in Munyeza et al. (2020) and
Adeola et al. (2022), respectively.
In both campaigns gaseous analytes were
sampled onto PDMS rubber traps using portable
GilAir Plus sampling pumps operating at 500 mL/min
for 10 min (Figure 1). The sampler was located in the
stream of effluent gases from the fire at a height and
distance representative of someone tending the fire.
Samples were taken once a fixed volume of water
had reached boiling point. Full details of sampling
position, fuel type, combustion device and dwelling
type were recorded. After sampling, the PDMS traps
were sealed with end-caps and were wrapped in
aluminium foil prior to cold transportation to the
laboratory for analysis. Ambient gas phase samples
were similarly taken outdoors away from buildings at
1 m above the ground in each sampling area.
Duplicate and field blank samples were taken for
comparison and quality control purposes.

Household survey

Questionnaires were administered to a total of
106 households in Kenya by means of face to face
interviews over a period of two months in 2017.
Information collected covered bio-data, income
status, type of dwelling, combustion devices
employed, as well as fuel type, source, volume and
cost. The questionnaire is available in the
Supplementary Information of Osano et al. (2020).
The households were located in both urban and rural
areas of the Narok and Bomet counties located in
the Rift Valley of inland Kenya, which has a warm
temperate climate; as well as in Mombasa and Taita
Taveta counties which have a tropical coastal
climate.

2.2

Air quality monitoring

2.2.1 Household sampling
The indoor air quality of both rural and urban
homes was monitored during two sampling
campaigns. The first campaign was based in coastal

Figure 1. Sampling of gaseous emissions from a
charcoal fuelled Jiko stove in an urban setting using
portable PDMS samplers (top) and in a rural kitchen
(bottom).
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2.2.2 Analysis of samplers
Analytes were extracted from the PDMS traps
using the plunger-assisted solvent extraction
(PASE) technique, as shown in Figure 2 (Munyeza
et al., 2018), using 1 mL of hexane in each of two
sequential extractions. Extracts were blown down
under nitrogen and were reconstituted in 100 µL of
hexane. Deuterated internal standard spiking was
employed for quality control purposes.
Sample extracts were analysed for the sixteen
United States Environmental Protection Agency
priority PAHs by means of a gas chromatograph
(Agilent 6890) connected to a mass spectrometer
(Agilent 5975C). Quantification was achieved from
peak area responses using the internal standard
method based on a seven‐point matrix‐matched
calibration (concentration range: 0.05-1.5 ng/μL).

cooking fuels with fuels which are cleaner, more
efficient, and more expensive (Schlag and Zuzarte,
2008). The results of our survey showed that fuel
choice was also heavily driven by availability thereof
and other factors (including cultural influences).
Most households were found to consume less than
2kg of fuel per day.
Brick houses were the most prevalent dwelling
type found in all the regions (67%), followed by
traditional dwellings (such as manyattas as shown in
Figure 3) (21%) and then informal houses (12%).
Overall there were more chimneys in urban
dwellings than in the rural homes.

Figure 3. A traditional rural manyatta dwelling.

Figure 2. Schematic diagram of the PASE extraction
method used to remove the sampled PAHs from the
PDMS traps prior to analysis (Munyeza et al., 2018).

3. Results and discussion
3.1

Household survey

The survey results revealed that fuel type usage
was fairly evenly distributed between firewood
(25%), charcoal (24%), kerosene (24%) and
liquefied petroleum gas (LPG) (23%). Three-stone
stoves were found to be still predominant in rural
communities, whilst cleaner devices burning
kerosene and LPG were used more widely in urban
areas. This is likely as a result of the greater
availability of the fuels required (i.e., kerosene and
LPG) in urban areas, as well as due to the cost of
the combustion devices they require. Charcoal was
more widely used in the urban areas. The use of a
particular type of cooking fuel is usually seen as a
proxy for socioeconomic status in many African
countries. This is supported by the energy ladder
theory which describes that as income rises,
households tend to replace traditional solid biomass

3.2

Air quality monitoring

The concentrations of PAHs found in each
household varied widely. Overall the most
predominant gas phase PAHs were found to be the
lighter two- and three-ring PAHs, particularly
naphthalene.
In the first sampling campaign conducted in the
coastal region, total gaseous PAH concentrations
per household were generally higher in rural homes
(ranging from 11.37 to 83.05 μg/m3) compared to
urban households (ranging from not detected to
36.35 μg/m3). Ambient gas phase PAH
concentrations were, however, higher in urban
environments, likely due to emissions from traffic
and higher population density. The impact of fuel
choice and thereby combustion device on PAH
emissions was very clear, with the highest
concentrations of PAHs quantified from wood‐
burning emissions from three‐stone stoves (total
PAH average of 46.23 μg/m3, n=6).
Average
benzo[a]pyrene
equivalent
total
concentrations were evaluated, as toxicity quotients,
for the priority PAHs (refer to Munyeza et al., 2020
for details) and ranged considerably between
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households (Figure 4), with particularly high values
found for two rural households.
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The approach to air pollution abatement of many South-African power plants relies on
electrostatic precipitation (ESP) technology to reduce particulate matter (PM) emissions.
Wire-plate ESPs generally exhibit good operability at a wide range of temperatures.
However, insufficient particle collection rates in practice prove that ESP processes
require additional refinement. South African fly ashes typically have high resistivities due
to the characteristically low sodium (Na) and lithium (Li) contents of the coals used as
fuel. This poses operational challenges for ESPs, which further reduces particle
collection efficiencies.
A detailed investigation was performed on the structural components and significant
contributing factors for ESP performance to improve the ESP's design for maximum PM
removal. The experiments were conducted in a laboratory ESP demonstration unit of
industrial ESPs used in South Africa. The small scale of the ESP setup facilitated an indepth examination of the effect of different variables on collection efficiency to better
understand the associated fundamental principles.
G-spike, sawtooth, and threaded rod geometries were considered for discharge
electrodes. G-spike and sawtooth electrodes generated strong electric fields and
provided efficiencies up to 99%. Threaded rods showed weaker fields and lower
efficiencies (<93%) than the other geometries. Collection efficiencies increased
significantly for higher voltages and smaller collection plate spacings up to a certain
point, beyond which shielding effects became prominent. Shielding occurred when the
electric fields of adjacent electrodes overlapped and weakened one another, resulting in
decreased efficiencies. Shielding was more notable for G-spike and sawtooth electrodes
than threaded rods. ESP runs with high resistivity ash showed lower sparkover voltages
and higher efficiencies than runs with lower resistivity ash.
A quadratic response surface model (RSM) was derived from measured data to predict
how – and to what extent – different factors affect collection efficiency. An analysis of
variance (ANOVA) study of the RSM model revealed that electrode geometry, plate
spacing, and ash resistivity had the most significant effects on collection efficiency.
Furthermore, a computational model was developed to describe ESP collection
efficiency as a function of electrode design and ash properties. The coupled air flow
patterns, electrostatic field, and particle trajectories in the ESP were simulated using 3D geometries created in Siemens NX-12 and appropriate physics relations in STARCCM+. The model exhibits a close correlation with experimental voltage-current (V-I)
data.
Deutsch-Anderson and Matts-Öhnfeldt's empirical relations were applied to experimental
data. A good agreement was obtained with the latter, whereas the Deutsch-Anderson
model overpredicted the actual collection efficiencies by 10 – 20%.
Keywords: fly ash, electrostatic precipitation, collection efficiency, computational
modelling, response surface modelling, Deutsch-Anderson, Matts-Öhnfeldt.
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1. Introduction
Electrostatic precipitators (ESPs) are used in
more than 50% of South African power plants for
particulate matter (PM) removal from the emissions
of coal-fired boilers (Pretorius et al. 2015). The
electrostatic
precipitation
particulate
control
technique is popular for its robustness and high
efficiencies at a wide range of operating
temperatures (Yuan and Shen 2010).
A diagram of a wire-plate ESP often used in
industry is given in Figure 1 (Richards 2000).

Figure 1. Typical wire-plate ESP, adapted from
(Richards 2000)

A typical wire-plate ESP consists of a large
rectangular chamber with inlet and outlet openings
on opposite ends. Flue gas with a high PM content
from an upstream boiler unit enters the ESP via the
inlet nozzle. Then follows the ESP process, which
reduces the concentration of particulates in the gas
before its release into the atmosphere (Vallero
2008).
The enlarged size of the ESP section reduces the
velocity of incoming gas such that suspended
particles have sufficient residence times in the ESP
for effective removal from the gas stream. The drop
in velocity also improves ESP efficiency due to
increased particle settling rates (Turner et al. 1999).
A series of flat collection plates are installed in
parallel in the ESP chamber. In-between each pair
of plates are groups of discharge electrodes
attached to overhead support bars. Perforated
distribution plates are fitted over the ESP entrance
to create uniform gas and particulate flow profiles
across the plates and electrodes (Arif et al. 2018).
The electrostatic precipitation process relies on
a direct high-voltage current (DC) power source to
produce corona discharge from the electrode tips
(Turner et al. 1999). The subsequent ionisation of
gas molecules in the corona fields forms local
plasma regions of negative charge. Particles in the
passing gas stream acquire a negative charge
through collisions with gas ions that move under the

influence of thermal and electrostatic forces. The
grounded collection plates adopt a positive polarity
and exert electrostatic attraction forces on the
particles of opposing polarity. As a result, charged
particles migrate toward the collection plates and
deposit on the plate surfaces to exit the gas stream
(Arif et al. 2018).
With time, dust deposits accumulate on the
collection plates. A simultaneous charge build-up
occurs in the thickening dust layer, which can
eventually lead to back-corona. To prevent this from
happening, industrial-scale ESPs uses hammer-like
rappers to knock the collected dust off the plate
surfaces. The dislodged dust falls into hopper bins at
the bottom of the ESP unit (Turner et al. 1999).
ESPs, in practice, have failed to reach the
desired particulate removal rates. This is why most
of South Africa's power stations still exceed the 50
mg/Nm3 PM emission limit implemented for 2010
onward.
In addition to the low efficiency of this imperfect
technology, ESP performance has worsened since
the start of the ongoing power shortage in South
Africa.
Energy-supplying
companies
have
responded to the overbearing electricity demand by
operating overtime, thereby exceeding the
limitations of particulate abatement units, among
other equipment (Pretorius et al. 2015).
Furthermore, the quality of South African coal has
deteriorated significantly due to the rapidly selective
mining of high-quality coals. The remaining coal
reserves produce increasingly larger PM volumes,
which adds to the burden of ESPs. South African
coals have characteristically high-resistivity fly ash
(Pretorius et al. 2015). High-resistivity ash presents
additional operational problems in ESPs, such as
slow particle charging and back-corona, which
makes collecting such ash more challenging
(Mohanty et al. 2011).
Current research intends to determine the best
combination of ESP settings for maximum particle
collection efficiencies. A common focus has been on
developing a computational model that can be used
as a design tool for ESPs. However, to create a
model suitable for application on an industrial scale,
it first needs to be understood on a fundamental level
and verified experimentally (Arif et al. 2018).
This study aims to model the effect of fly ash
properties and electrode settings on the particle
collection efficiency of a laboratory-scale ESP at
ambient conditions.

2. Methods
The research in this study involves experimental
work and model descriptions of the ESP process.
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2.1 Experimental setup
The laboratory-scale ESP setup is shown in
Figure 2. The ESP body has an inlet channel, an
ESP chamber (1), and an outlet channel. The
chamber houses two parallel collection plates (2)
with variable spacings and 1 – 4 discharge
electrodes (3) connected to a support bar between
the plates. The electrodes have adjustable positions
on the support bar.
A direct high-voltage current (DC) power unit (4)
supplies the electrodes with voltages of 0 – 50 kV.
Consequently, the electrodes develop a negative
polarity, while the electrically grounded collection
plates take on a slightly positive polarity. This
generates an electric field in the ESP section.
Air from the environment enters the ESP system
at the inlet point (5) and exits at the outlet point (6).
The airflow rate is controlled with a centrifugal fan (7)
at the start of the channel. The entrance is covered
with a high efficiency particulate air (HEPA) filter (8)
to remove impurities from the inlet air that could
affect the accuracy of the PM concentration
readings.

The air stream at the inlet of the ESP section is
directed through the space between the plates using
a pair of guide screens (10). Furthermore, the
ambient air temperature and relative humidity are
measured continuously with a humidity sensor (11)
at the front of the ESP channel.
Ash is introduced to the system via a pneumatic
transport line (12) and a dust feeder (13). The ash
feed rate can be adjusted by a change in the speed
of the turntable. The fan (7) and baffles (9) in the
front section evenly distribute the particles and
airflow across the ESP before it reaches the
electrodes.
DustTrak DRX monitors (14), (15) and thimbles
(16), (17) measure the ash concentrations upstream
and downstream of the ESP chamber through laser
diffraction and gravimetric techniques, respectively.
This is to determine the PM collection efficiencies.
Each DustTrak and thimble unit uses in-line
sampling tubes with nozzle sizes that can be
adjusted for isokinetic flow. Fly ash discards
accumulate in the hopper bin (18) connected to the
bottom of the ESP chamber.

Figure 2. Laboratory-scale setup for ESP experiments
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Sawtooth (ST), threaded rod (TR), and G-spike
(GS) electrode geometries were investigated. A
summary of the plate spacings (SP), electrode
spacings (SE), number of electrodes (NE), fly ash
loadings (mA), ash resistivities (ρr), and particle size
distribution (PSD) used in the ESP experiments is
given in Table 1.

𝑬 = −∇𝜙

Electrostatic forces attract charged air molecules
to the collection plates to create a current flow in that
direction. The charge conservation principle and a
generic form of Ohm's law were applied to describe
the current density at a steady state (Arif et al. 2018):
𝑱 = 𝜌𝑐 𝐾𝑖 𝑬 = 0

Table 1. Settings used for ESP experiments
Electrode

ST

TR

GS

SP (cm)

16, 22, 28

16, 22, 28

16, 28, 40

SE (cm)

6, 10, 16

6, 10, 16

11, 14, 18

NE

2, 3, 4

2, 3, 4

1, 2, 3

mA

(mg.m-3)

3 - 30

3 - 30

3 - 30

ρr (1010 Ω.cm)

1 - 10

1 - 10

1 - 10

PSD (μm)

-75

-75

-75

A computational fluid dynamic (CFD) model was
developed to simulate the flow profiles and
electrostatic interactions in the ESP process using
the Siemens NX-12 and STAR-CCM+ software.
The airflow through the ESP was described with
the mass and momentum conservation equations for
steady-state conditions (Gao et al. 2020):
Conservation of mass
2.1

Conservation of momentum
𝜕𝒖
𝜌𝑓 [ + 𝒖 ∙ ∇𝒖] = −∇𝑃 + 𝜇𝑓 ∇2 𝒖 + 𝜌𝑐 𝑬
𝜕𝑡

2.2

where 𝜌𝑓 and 𝜇𝑓 denote the air density [kg.m-3] and
dynamic
viscosity
[kg.(m.s)-1],
respectively.
Furthermore, 𝑢 is the air velocity [m.s-1], and 𝑃 is the
absolute pressure [Pa] of the system. For the
electrostatic force term in Eq. 2.2, 𝜌𝑐 represents the
space charge density [C.m-3] of the ionised air and 𝐸
describes the electric field intensity [V.m-1].
The electric potential profile across the electrode
surfaces and between the collection plates was
defined using Poisson's law (Adamiak and Atten
2004):
∇2 𝜙 = −

𝜌𝑐
𝜀0

𝑑𝒖𝑝 1
= 𝐶𝐷 𝜌𝑓 𝐴𝑝 |𝒗𝑠 |𝒗𝑠 + 𝒈𝜌𝑝 𝑉𝑝 + 𝑞𝑝 𝑬
𝑑𝑡
2

2.6

The first, second, and third terms on the righthand side of Eq. 2.6 represent the drag,
gravitational, and electrostatic forces working on the
particle, respectively (CD-adapco 2008). In this
case, the resultant body force on a particle describes
the particle's mass flow rate, which is obtained from
the product of its mass, 𝑚𝑝 [kg], and velocity, 𝒖𝑝
[m.s-1].
Furthermore, 𝐴𝑝 and 𝑉𝑝 are the projected area
[m2] and volume [m3] of a spherical particle, and 𝜌𝑝 ,
and 𝑞𝑝 are the particle’s density [kg.m-3] and charge
[C], respectively. Lastly, the slip velocity (𝒗𝑠 ) is the
particle's velocity with respect to that of air, and 𝒈 is
the gravitational acceleration constant of 9.81 m.s-1.
The drag coefficient (𝐶𝐷 ) was estimated with the
following Schiller-Naumann relation (Karunarathne
and Tokheim 2017):
24
(1 + 0.15𝑅𝑒𝑝 0.687 )
𝑅𝑒𝑝
𝐶𝐷 =
1
{0.44

𝑅𝑒𝑝 ≤ 103
2.7
𝑅𝑒𝑝 > 103

where 𝑅𝑒𝑝 is the Reynolds number for a particle with
a diameter 𝑑𝑝 [m] (Haque et al. 2008):
𝑅𝑒𝑝 =

𝜌𝑓 |𝒗𝑠 |𝑑𝑝
𝜇𝑓

2.8

The particle charge (𝑞𝑝 ) in Eq. 2.6 was calculated as:
𝑑𝑞𝑝 𝑞𝑠
𝑞𝑝 2
= (1 − )
𝑑𝑡
𝜏𝑞
𝑞𝑠

2.3

where 𝜙 is the electric potential [V] and 𝜀0 represents
the permittivity of air [F.m-1].
The electric potential gradient between the
electrodes and collection plates determines the size
of the electric field, according to Eq. 2.4 (Arif et al.
2018):

2.5

where 𝐾𝑖 denotes the ion mobility [m2.(V.s)-1].
The trajectory of a suspended particle in the
electric field was predicted with a force balance while
still assuming steady-state conditions (Haque et al.
2008):
𝑚𝑝

2.2 Model development

∇∙𝒖=0

2.4

2.9

where 𝑞𝑠 is the saturation charge [C], defined by Eq.
2.10 (Arif et al. 2018):
𝑞𝑠 =

3𝜋𝜀0 𝜀𝑟
|𝐸|𝑑𝑝2
𝜀𝑟 + 2

2.10

For the particle charge at time, 𝑡, the following
expression was used (Yuan and Shen 2010):
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𝑞𝑝 (𝑡) = 𝑞𝑠 (

𝑡
)
𝑡 + 𝜏𝑞

5

2.11

In Eq. 2.9 through 2.11, 𝜀𝑟 is the relative particle
permittivity and 𝜏𝑞 is a time constant [s], described
as (Farnoosh et al. 2010):
𝜏𝑞 =

4𝜀0
𝜌𝑐 𝐾𝑖

2.12

The collection efficiency (𝜂𝐶𝐹𝐷 ) was calculated from
the CFD model, using Eq. 2.13:
𝜂𝐶𝐹𝐷 =

(𝜑𝑝 )𝑖𝑛 − (𝜑𝑝 )𝑜𝑢𝑡
(𝜑𝑝 )𝑖𝑛

× 100%

2.13

where (𝜑𝑝 )𝑖𝑛 and (𝜑𝑝 )𝑜𝑢𝑡 are the particle volume
fractions at the entrance and exit of the ESP section,
respectively.
The collection efficiency was also determined
empirically with the Deutsch-Anderson (Reynolds et
al. 1975):
𝜂𝐷𝐴 = {1 − exp[−𝒘(𝐴𝑃 ⁄𝑄𝑓 )] } × 100%

𝒘=

𝑞𝑝 𝑬
3𝜋𝜇𝑓 𝑑𝑝

𝜂𝑅𝑆𝑀 = 𝛽0 + ∑ 𝛽𝑖 𝑥𝑖 + ∑ 𝛽𝑖𝑖 𝑥𝑖 2 + ∑ ∑ 𝛽𝑖𝑗 𝑥𝑖 𝑥𝑗
⏟
⏟
𝑖=1
𝑖=1
𝑗=2 𝑖<𝑗
⏟
𝑅1

2.15

𝑅2

3.1

𝑅3

In Eq. 3.1, 𝑥𝑖 is the normalised level for factor
𝑖 (𝑖 = 1 − 5), with plate spacing, electrode spacing,
ash loading, number of electrodes, and ash
resistivity labelled as factors 1, 2, 3, 4, and 5,
respectively.
Furthermore, 𝛽0 , 𝛽𝑖 , 𝛽𝑖𝑖 , and 𝛽𝑖𝑗 represent the
model parameters for constant, primary, secondary,
and interaction effects of different ESP factors on the
calculated efficiency (𝜂𝑅𝑆𝑀 ). The 𝛽-coefficients were
fitted to the experimental collection efficiency data,
and the results are as follows:
 𝛽0 = 86.7


𝑅1 = −1.31𝑥1 + 0.15𝑥2 + 3.7𝑥3 + 1.85𝑥4 + 𝛽5 𝑥5



𝑅2 = −0.55𝑥12 − 2.92𝑥22 − 2.02𝑥32 − 1.41𝑥42



𝑅3 = −0.16𝑥1 𝑥2 − 1.22𝑥1 𝑥3 + 2.61𝑥1 𝑥4

2.14

In Eq. 2.14, 𝐴𝑃 is the collection plate face area [m2],
𝑄𝑓 is the air volume flow rate [m3.s-1], and 𝒘 is the
particle migration velocity [m.s-1], obtained from Eq.
2.15 (Turnet et al. 1999):

5

+𝛽15 𝑥1 𝑥5 − 0.9𝑥2 𝑥3 − 1.82𝑥2 𝑥4
+𝛽25 𝑥2 𝑥5 + 2.34𝑥3 𝑥4 + 𝛽35 𝑥3 𝑥5 + 𝛽45 𝑥4 𝑥5
The 𝑅1 , 𝑅2 , and 𝑅3 characters in the expressions
above correspond to the first-order, second-order,
and interaction terms in Eq. 3.1. Table 2 provides the
model coefficients for the ash resistivity (factor 5).
Table 2. Model coefficients for ash A and B

Since the Deutsch-Anderson equation has been
reported to overestimate the real-time collection
efficiencies of ESP processes, the Matts-Öhnfeldt
equation was also evaluated (Bӓck 2014):
𝑘

𝜂𝑀 = {1 − exp [−𝒘(𝐴𝑃 ⁄𝑄𝑓 ) ] } × 100%

2.16

where 𝑘 is an empirical correction constant between
0 and 1 that reduces the efficiency calculated by the
Deutsch-Anderson equation. This accounts for the
efficiency losses caused by particle polydispersity,
re-entrainment, and variability of physical conditions
in the ESP – all factors overlooked in the DeutschAnderson model (Lin et al. 2012).

3. Results and discussion
3.1 Response surface modelling
A second-order response surface methodology
(RSM) model was fitted to the collection efficiency
data obtained from the ESP experiments. The
general equation for the RSM model is given by
(Montgomery 2017):

Ash

𝜷𝟓

𝜷𝟏𝟓

𝜷𝟐𝟓

𝜷𝟑𝟓

𝜷𝟒𝟓

A

-3.19

-1.27

1.73

0.91

-1.00

B

3.19

1.27

-1.73

-0.91

1.00

The resistivity values of ash A and B were
measured experimentally at ambient temperature
and humidity conditions. Average resistivity values
of 1.7×1010 Ω.cm and 1.2×1011 Ω.cm were
determined for fly ash A and B, respectively, at
applied voltages of 1.5 – 4.0 kV.
For practical purposes, ESP experiments were
separately performed for each discharge electrode
geometry (see Table 1). Accordingly, the RSM
model specified the sawtooth, threaded rod and Gspike electrodes as independent block variables.
The model coefficients were averaged for the
three blocks and compensated with a different block
constant for each type of discharge electrode. This
incorporated electrode geometry effects on
collection efficiency in the RSM model. The block
constants for G-spike, threaded rod, and sawtooth
electrodes were approximated as 9.88, -10.3, and
0.376, respectively.
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An analysis of variance (ANOVA) study was
conducted to investigate the effects of the factors on
ESP collection efficiency. Figure 3 shows the relative
magnitudes for the primary and secondary effects of
various factors on the efficiency response (η).

Table 3. ESP settings for STHi and STLo
Run

STHi

STLo

Plate spacing (mm)

220

220

Electrode spacing (mm)

101

101

22

34

No. of electrodes

3

3

Ash type

B

A

Ash loading

(mg.Nm-3)

The
experimental
collection
efficiencies
measured for STHi and STLo are plotted in Figure 4.
These efficiencies were averaged over the voltage
ranges of 28 – 47 kV and 27 – 48 kV for STHi and
STLo, respectively, and compared to the average
efficiencies calculated by the RSM model. This is
also shown in Figure 4, where ηEXP denotes the
experimental average collection efficiency and ηRSM
represents the RSM model's estimated average
collection efficiency.

Figure 3. Pareto chart for normalised effects on
collection efficiency response (η)

The reference line at 2.13 indicates the minimum
effect size for a term to be rendered significant with
95% confidence (α = 0.05). Therefore, electrode
spacing and electrode-plate spacing interactions are
insignificant terms in Eq. 3.1 for the collection
efficiency result. The rest of the terms in Figure 3
exhibit notable effects on collection efficiency.
Primary effects for fly ash resistivity (E) show the
most significant contribution to the collection
efficiency, followed by that of ash loading (C), the
number of electrodes (D), and plate spacing (A).
These factors present a corresponding order of
significance for the initial improvement of low
collection efficiencies.
Ash loading and electrode spacing appear to be
the most important for further refining of the ESP
process, as these factors demonstrate the most
prominent secondary effects (CC and BB).
Table 3 summarises the settings used for
experiments STHi and STLo. A comparison of the
collection efficiencies obtained for high loadings
(>20 mg.Nm-3) of medium resistivity ash (A) and
higher resistivity ash (B) is investigated. In both
cases, three sawtooth electrodes were implemented
with electrode and plate spacings of 101 mm and
220 mm, respectively.

Figure 4. Collection efficiency for STHi and STLo

The RSM model provides reasonable estimates
for the collection efficiencies of STHi and STLo, with
a maximum difference of 0.9% from the measured
values. Based on the efficiency plots in Figure 4,
STLo exhibits a lower onset voltage than STHi. This
relates to the improved charge acceptance of the
lower resistivity particles from ash A in STLo,
compared to ash B in STHi. Faster particle charging
rates result in higher initial current levels for STLo,
relative to STHi at equivalent voltages.
Furthermore, STHi shows a lower sparkover
voltage than STLo, due to higher charge retention
and accumulation rates in the dust layers of the more
resistive ash on the collection plates. Therefore, the
increased ash resistivity causes an earlier onset of
back corona in the ESP, presenting corresponding
STHi with a more limited operating voltage span than
STLo.
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Nevertheless, the higher resistivity ash from STHi
shows better collection efficiencies than the lower
resistivity ash in STLo for the same voltages. STHi
and STLo show average collection efficiencies of
91.6% and 85.7%, respectively, indicating a 6%
decrease in efficiency for a reduced ash resistivity of
a factor of 7. This could be due to the lower resistivity
ash in STLo exhibiting excessive charge leakage on
the collection plates, which weakens the particles'
attraction to the plate surfaces and results in reentrainment.
Table 4 lists the experimental conditions used for
ST2Hi and ST2Lo, which include identical electrode
settings and ash samples to STHi and STLo, however
with lower ash feed concentrations (14 – 16 mg.Nm3).
Table 4. ESP settings for ST2Hi and ST2Lo
Run

ST2Hi

ST2Lo

Plate spacing (mm)

220

220

Electrode spacing (mm)

101

101

Ash loading (mg.Nm-3)

16

14

No. of electrodes

3

3

Ash type

B

ash loadings in ST2Hi and ST2Lo, compared to the
6% difference for larger feeds in runs STHi and STLo.
Therefore, the matter of ash resistivity becomes
increasingly more important to collect the same
fraction of particles for smaller ash concentrations.
The ESP process is more intensive, and intricatelevel effects are of concern for the successful
collection of individual particles compared to the bulk
removal of particles in large quantities.
The fly ash resistivity effect on collection
efficiency was also examined for G-spike electrodes
in runs GSHi and GSLo. As summarised in Table 5,
two G-spike electrodes with a constant electrode
spacing of 144 mm, plate spacing of 280 mm and
ash loading of 16 mg.Nm-3 were used in GSHi and
GSLo. Higher resistivity ash B and lower resistivity
ash A were used in the feeds of GSHi and GSLo,
respectively.
Table 5. ESP settings for GSHi and GSLo
Run

GSHi

GSLo

Plate spacing (mm)

280

280

Electrode spacing (mm)

144

144

16

16

No. of electrodes

2

2

Ash type

B

A

Ash loading

A

The collection efficiency results for ST2Hi and
ST2Lo obtained with the experimental procedure,
and RSM model are given in Figure 5. The RSM
model shows good agreement with experimental
data since the modelled efficiencies differ by 0.7%
and less than 0.01% from the experimental
efficiencies of ST2Hi and ST2Lo, respectively.

(mg.Nm-3)

The experimental and RSM collection efficiency
results are illustrated in Figure 6. In this case, the
RSM model shows deviations up to 1.8% from the
experimental data of GSHi and GSLo. This is slightly
larger than the RSM model errors of 0 – 0.9%
calculated for STHi, STLo, ST2Hi, and ST2Lo, yet still
consistent with a high degree of accuracy.

Figure 5. Collection efficiency for ST2Hi and ST2Lo

The voltage spans in Figure 5 resemble that of
corresponding runs STHi and STLo as identical ESP
setups and ash samples were used. The average
efficiencies for the higher and lower resistivity ash
exhibit an even larger deviation of 9% for moderate

Figure 6. Collection efficiency for GSHi and GSLo

In accordance with the previous runs, the
efficiency plot for GSLo with lower resistivity ash
shows a sparkover at a higher voltage relative to
GSHi with higher resistivity ash. Conversely, GSHi
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and GSLo obtained very similar average collection
efficiencies of 89.4% and 88.6%, with a difference of
0.8% between fly ash B and A. Compared to the 6 –
9% efficiency differences for the same two types of
ash in STHi and STLo, and ST2Hi and ST2Lo, the 0.8%
efficiency change for G-spikes is almost negligible.
Therefore, the ash resistivity effect on collection
efficiency varies in significance, depending on the
ash feed rate and the type of discharge electrode
used. For assemblies of G-spike electrodes, ash
resistivity plays a notably less important role in the
collection efficiency outcome than in the case of
sawtooth electrode assemblies.

vector arrows depict linear field lines emerging from
the electrode faces and edges in all directions. This
results in elliptical-shaped cross-sections for the
electric fields of each sawtooth electrode.
In the vertical direction, the fields develop around
the contours of the sawtooth electrodes and form
high-intensity nodes at the tooth tips.

3.2 Computational modelling
The computational fluid dynamic (CFD) model
was used to simulate the airflow, electric field, and
particle trajectories for different ESP settings.
The results were analysed to understand the
fundamental science behind the ESP process and its
relation to the collection efficiency output.
3.2.1 Electrode shape and ESP efficiency
A common observation during the ESP
experiments was the formation of distinct patterns in
the ash layers on the collection plates, which were
different for sawtooth, threaded rod, and G-spike
electrodes. Some examples are shown in Figure 7.

Figure 8. Electric field for sawtooth electrodes

Overlapping fields on the adjacent sides of the
electrodes in Figure 8 exhibit distorted field lines.
This phenomenon is known as shielding and is
caused by the clashing of electric fields that work in
opposite directions. Shielding effects are often
detected for ESP configurations with short distances
between discharge electrodes and collection plates
and typically result in weakened electric fields over
these regions (Arif et al. 2018).

Figure 7. Electric fields and ash patterns on
collection plates for (a) sawtooth, (b) threaded rod,
and (c) G-spike electrodes

The images in Figure 7 clearly show that the ash
patterns are similar in shape to the electrostatic field
profiles produced by the corresponding electrode
geometries. This indicates a strong correlation
between particle collection and the type of electrode
used for charge generation in the ESP.
The electric field distributions were first
investigated independently for the sawtooth,
threaded rod, and G-spike electrodes.
Figure 8 illustrates the electric field vectors for
three sawtooth electrodes connected in parallel. The

Figure 9. Electric field for G-spike electrode

The vector scenes in Figure 9 portray the electric
field distribution for a single G-spike electrode. The
irregular-shaped field observed for the G-spike
relates to the complex design of this electrode
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geometry. In this case, the field lines demonstrate a
combination of radial, linear, and web-like patterns
at the cylindrical shaft, flat faces, and curved spikes
of the G-spike electrode.
The G-spike's electric field also adopts the
electrode outline's shape along the electrode body's
length. The electric field is strongest at the G-spike
tips, where the current is most concentrated and
considerably weaker across the electrode's central
shaft and flat blades. This allows high-intensity
corona regions to develop at the G-spike tips, which
are directed toward the collection plates and
specifically positioned to minimise shielding.

spike electrodes exhibit distinct regions of maximum
strength at the spike tips and negligible relative field
magnitudes across the electrode bodies.

Figure 10. Electric field of threaded rod electrodes

The vector arrows in Figure 10 indicate radial
field lines with resulting circular electric fields of
uniform size along the cylindrical bodies of the
threaded rod electrodes. Electric field lines at the
bottom ends of each threaded rod comprise vectors
in both the radial and downward directions.
Charge accumulates at the threaded rod
electrodes' lowermost edges to produce higher
intensity local electric fields, resulting in the ash
deposition pattern observed in Figure 7 (b). A small
degree of shielding occurs between the two
threaded rods, which causes a slight bend in the field
lines, as seen in Figure 10.
The collection efficiencies for three sawtooth and
G-spike electrodes were compared and evaluated
against the electric field of each. A constant plate
spacing of 160 mm and feed of fly ash A were used
in both cases. The sawtooth and G-spike electrodes
were spaced 101 mm and 112 mm apart,
respectively. The electric field distributions across
the sawtooth and G-spike electrodes for the same
applied voltage of 36 kV are given in Figure 11.
In the case of sawtooth electrodes, the electric
field is reasonably distributed over the total electrode
surface area with some accumulation at the tooth
tips. On the other hand, the field profiles of the G-

Figure 11. Electric fields for sawtooth and G-spike
electrodes at 36 kV

The field distribution plots in Figure 11 show peak
electric fields of 5.4×107 V.m-1 and 1.7×107 V.m-1 at
the G-spike and sawtooth tips, respectively. In
comparison, the peak electric field of the G-spike
electrodes is three times larger than that of the
sawtooth electrodes.
Furthermore, for an equivalent number of three
sawtooth and G-spike electrodes, the sawtooth
assembly comprises only 42 spikes, whereas the Gspike assembly comprises 88 spikes in total. As a
result, the overall electric field of the G-spike
electrodes is considerably larger than that of the
sawtooth electrodes.
The
current
measurements
recorded
experimentally for the sawtooth and G-spike
electrodes at voltages between 19 – 37 kV are
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illustrated as colour-coded dots on the graph on the
top in Figure 12. The corresponding current-voltage
relationships predicted by the CFD model for each
electrode assembly are indicated as solid lines of
matching colour.

Figure 12. CFD model [ ] and experimental [ ]
values for total current and collection efficiency of
three sawtooth and G-spike electrodes

The modelled plots perfectly fit the experimental
current data for both electrode geometries. This
shows a high degree of accuracy for the electrostatic
computational model with respect to the ESP
experiments and proves the reliability of the findings.
The G-spike assembly exhibits a lower onset
voltage and a wider voltage span than the sawtooth
assembly. This relates to the stronger electric field
observed for the G-spikes, resulting in larger
comparative currents (2 – 3 times) and an early
onset of corona discharge with this electrode setup.
The relevant collection efficiencies for the
sawtooth and G-spike electrodes are represented as
functions of voltage by the graph on the bottom in
Figure 12. The modelled collection efficiencies show
offsets of 1 – 4% from experimental values, with
maximum deviations at the lower and higher voltage
ranges for the G-spike and sawtooth electrodes,
respectively.
The CFD model generally overestimates the
efficiencies for the G-spike electrodes and
underestimates the efficiencies for sawtooth
electrodes. Even so, the model plots in Figure 12

follow similar trends to the experimentally measured
efficiencies and provide a good indication of the
relative efficiencies of the two electrode assemblies.
The sawtooth electrodes efficiency plot starts at
70% and exhibits a sharp increase to 88% for a
voltage step-up from 23 kV to 29 kV, with a
subsequent steady increase up to 92% at 37 kV.
This behaviour is consistent with the high initial
particle charging rate gradually decreasing as the
particle charge approaches the saturation point.
On the other hand, the G-spike electrodes show
high collection efficiencies (above 84%) from the
start that follow a slow linear increase across the 19
– 36 kV voltage range to a maximum of 95%. This
corresponds to the high electric field intensities and
large current densities produced by the G-spike
geometry, yielding rapid particle charging rates and
reaching the saturation point shortly after corona
onset.
In addition, the spikes are bent toward the
collection plates, which further improves particle
collection by minimising the distance between the
particle charging points at the G-spike tips and the
collection surface. As a result, the G-spike
electrodes achieve higher collection efficiencies than
the sawtooth electrodes for the same plate spacing,
type of ash, and applied voltages.
This confirms that the G-spike geometry is
superior to sawtooth in terms of charge generation
and particle collection within the 19 – 36 kV
operating voltage limits (±2 kV for alternative
electrode and ash feed settings).
The electrostatic properties of the threaded rods
were assessed to investigate the effectiveness of
this electrode design in the ESP, using the highperformance G-spike geometry as a reference.
Groups of three discharge electrodes of the
threaded rod and G-spike geometries were used.
The threaded rod and G-spike electrodes were
positioned at corresponding intervals of 164 mm and
112 mm along the overhead support bar. The
difference in electrode spacings did not affect the
integrity of the evaluation as this factor showed
negligible impact on collection efficiency in Figure 3.
The plate spacing was kept constant at 160 mm
and the higher resistivity ash B was used as feed in
both cases. The electric fields for the threaded rod
and G-spike electrode assemblies at a supply
voltage of 34 kV are illustrated in Figure 13.

Page | 48

current discharge initiates at a much higher voltage
supply of 34 kV and exhibits a sparkover shortly after
at 40 kV. Therefore, the threaded rod assembly
presents a small operating voltage range of Δ6 kV,
which is 10 kV short of the Δ16 kV voltage range of
the G-spike electrodes. This is shown in Figure 14,
which gives the total current and collection efficiency
plots across the respective voltage spans of the Gspike and threaded rod electrode assemblies.
The threaded rods fail to produce localised fields
of high charge concentration like the G-spike
electrodes. Instead, current uniformly disperses over
the entire threaded rod surfaces, which causes an
excessive charge build-up in the air, resulting in a
quick sparkover. This poses a significant
disadvantage for the threaded rod electrodes to the
G-spike electrodes.

Figure 13. Electric fields for threaded rod and Gspike electrodes at 34 kV

The electric field for the G-spike electrodes
depicts a considerably more significant variation in
intensity between the electrode spikes and body
compared to the seemingly unchanging electric field
around the threaded rod electrodes. The G-spike
and threaded rod electrodes show peak electric field
intensities of 5×107 V.m-1 and 6×106 V.m-1 at the
spike tips and thread edges, respectively. Therefore,
G-spike electrodes produced an eight times stronger
electric field than the threaded rods.
The field profile of the G-spike electrode indicates
shielding effects between neighbouring electrodes.
This resulted in a weakened field intensity of 1×107
V.m-1 for the spikes on the joining sides of the Gspike electrodes, which is still 1.7 times higher than
the maximum sawtooth field intensity.
Consequently,
the
G-spike
electrodes
demonstrate a premature corona discharge start
with a threshold field at a corresponding voltage of
20 kV. In the case of threaded rod electrodes,

Figure 14. CFD model [ ] and experimental [ ]
values for total current and collection efficiency of
three threaded rod and G-spike electrodes

The CFD model curves show +99.99% accuracy
for the experimental current-voltage plots on the top
graph in Figure 14.
Regarding collection efficiency, the CFD model
exhibits a good overall agreement with experimental
data for the G-spike electrode efficiencies. The
modelled efficiencies show maximum deviations of
2.7% and 2.3% from experimental efficiencies at the
lower and upper extremes of the 20 – 36 kV voltage
range. For intermediate voltages, an average model
error of 0.8% was computed. On the contrary, the
model presents an error as high as 9% for the
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collection efficiencies of the threaded rod electrodes.
Also, the model plot is different from that of the
experimental efficiency plot for the sawtooth at
voltages of 34 – 40 kV.
As seen in Figure 14, the G-spike electrodes
obtained efficiencies 23 – 26% higher than the
threaded rod electrodes for the common voltage
range of 34 – 36 kV. Furthermore, the G-spikes and
threaded rods reached maximum efficiencies of 95%
and 91% at the corresponding sparkover voltages of
36 kV and 40 kV.
The low efficiency of the threaded rod electrodes
relates to the weak electrostatic field and small
current densities attained with this geometry,
resulting in considerably slower particle charging
and migration rates compared to the G-spike
electrodes. Some efficiency losses could also be
attributed to re-entrainment caused by back-corona
(sparkover) for the threaded rod electrodes.
Therefore, the G-spike is a better alternative to the
sawtooth electrode geometry.
In general, the electric field intensity and
collection efficiency increase in the order of threaded
rod < sawtooth < G-spike electrodes. This shows
that the G-spike geometry is the best discharge
electrode design for electrostatic precipitation.

mm to 160 mm [see Figure 15 (a) and (b)]. For a 280
mm plate spacing, the sawtooth electrodes require a
10 kV higher supply voltage to generate current
densities and field intensities similar to that obtained
for a 160 mm plate spacing.

3.2.2 Plate spacing and ESP efficiency
The collection efficiencies of runs P160 and P280
were compared to study the effect of collection plate
spacing on the ESP performance. The electrode
configuration and fly ash resistivities for runs P160
and P280 are given in Table 6.
Table 6. ESP settings for runs P160 and P280
Run

P160

P280

Plate spacing (mm)

160

280

Electrode shape

Sawtooth

Sawtooth

No. of electrodes

3

3

101

101

A

A

Electrode spacing (mm)
Ash sample

The current and electric field generated by the
sawtooth electrodes with 160 mm and 280 mm plate
distances is shown in Figure 15. Efficiencies
determined experimentally and with the CFD model
are indicated as dots and lines, respectively.
As seen in Figure 15 (a), the electrostatic model
exhibits an exact correlation with the actual currentvoltage relationships from the ESP experiments.
A minimum voltage of 23 kV was sufficient for
corona discharge with the 160 mm plate spacing,
which is considerably lower than the 33 kV onset
voltage for the 280 mm plate spacing. This is due to
the drastic increase in current and electric field
strength with a decrease in plate spacing from 280

Figure 15. CFD model ( ) and experimental ( )
plots for total current (a) and electric field (b) of
three sawtooth electrodes with 160 mm and 280
mm collection plate spacings

The 160 mm and 280 mm plate spacings exhibit
electric sparkovers at 37 kV and 49 kV, which
yielded maximum fields of 1.8×107 V.m-1 and
2.3×107 V.m-1, respectively. The corresponding
maximum current of ~0.7 mA achieved with the 160
mm plate spacing nonetheless outsizes the ~0.4 mA
maximum current for the 280 mm plate spacing by a
factor of 1.8.
Therefore, a smaller plate distance enhances the
ESP's overall current and electric field strength for
the same discharge electrode settings. The
significant impact of this factor is evident from the
75% increase in current for an equivalent 0.12 m
decrease in plate spacing.
The particle tracks and collection efficiencies for
the 280 mm and 160 mm plate spacings are
illustrated in Figure 16. The plate distances and
particle paths are indicated with arrows on the
sketches for each run. For the graph on the bottom
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in Figure 16, experimental data are labelled as 'Exp',
and modelled trends are labelled as 'CFD'.

of the electric field. The particle tracks demonstrate
stronger tendencies (larger divergence angles) and
shorter migration distances to the collection surfaces
for the 160 mm plate spacing. For the 280 mm plate
spacing, the particles travel along narrow divergence
paths over longer distances to the plates.

3.3 Empirical modelling
The Deutsch-Anderson and Matts-Öhnfeldt
empirical relations were applied to the different ESP
configurations to estimate the average particle
collection efficiencies. The empirically calculated
values were compared with experimental data and
values from the RSM model.
The ESP settings of some of the runs that were
evaluated with the empirical models are summarised
in Table 7, where NE, SE, SP, ρr , and mA denote the
number of electrodes, electrode spacing, plate
spacing, type of ash, and ash loading, respectively.
Table 7. ESP settings for empirical model testing
Run

ST1

ST2

TR1

TR2

GS1

GS2

Electrode type

ST

ST

TR

TR

GS

GS

NE

3

3

2

3

2

3

SE (mm)

101

101

57

164

144

112

SP (mm)

280

160

280

280

280

160

A

A

B

B

A

B

29

15

23

29

16

4.3

Ash sample

Figure 16. Particle tracks and collection
efficiencies for 160 mm plate spacing (P160)
compared to 280 mm plate spacing (P280)

(mg.Nm-3)

mA

The CFD model exhibits an accuracy in the range
of 95 – 99.5% in terms of the collection efficiencies
for runs P160 and P280, with an average deviation of
4% from experimental data.
Maximum collection efficiencies of 88% and 92%
were determined experimentally for the sawtooth
electrodes with 160 mm and 280 mm plate distances
at 37 kV and 49 kV in runs P160 and P280,
respectively. Furthermore, efficiencies range from
63 – 77% for a 280 mm plate spacing and 90 – 92%
for a 160 mm plate spacing at equivalent voltages
between 33 – 37 kV. Therefore, a 120 mm smaller
plate distance improved the collection efficiency by
4% at the sparkover voltage limit and by 15 – 27%
for equal voltages in runs P160 and P280.
The high efficiency for the smaller 160 mm plate
spacing can be attributed to faster particle charging
rates and stronger electrostatic attraction forces
between the particles and collection plates,
corresponding to the increased current density and
electric field intensity, respectively.
The comparatively larger particle attraction
forces for the smaller plate spacing are depicted by
the particle tracks in Figure 16. In each case, the
particles follow straight paths from the ESP inlet and
diverge toward the collection plates on opposite
sides of the discharge electrodes under the influence

Table 8 shows the empirical parameters,
Deutsch-Anderson model efficiencies (ηD), MattsÖhnfeldt model efficiencies (ηM), RSM model
efficiencies (ηRSM), and experimental efficiencies
(ηEXP) for the runs in Table 7.
Table 8. Empirical, RSM, and experimental data
Run

ST1

ST2

TR1

TR2

GS1

GS2

ηEXP (%)

82.2

84.8

63.1

71.1

88.6

93.1

ηRSM (%)

82.4

84.2

63.5

72.2

87.9

92.5

ηD (%)

96.8

99.4

99.1

99.2

94.9

99.0

ηM (%)

82.6

85.0

63.1

71.0

90.0

93.2

k

0.64

0.44

0.21

0.31

0.85

0.68

εr

2.0

2.0

1.8

1.8

2.0

1.8

𝑤 (m.s-1)

0.52

0.85

0.66

0.68

0.47

0.83

The CFD and empirical models concluded
relative permittivity (εr ) values of 2.0 for ash A and
1.8 for ash B.
The Deutsch-Anderson equation calculated 95 –
100% collection efficiencies in all cases. These
efficiencies are 6 – 36% higher than the
experimental efficiencies for the corresponding runs.
Compared to the small 0.2 – 1.1% error range for the
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RSM model values, the Deutsch-Anderson model
shows significant deviations from the actual
collection efficiencies.
The weak correlation between the DeutschAnderson values and experimental data is because
the Deutsch-Anderson model disregards factors
such as ash re-entrainment and variations in ash
properties and flow conditions in the ESP. Therefore,
the overestimated efficiencies of the DeutschAnderson model were reduced with empirical kconstants between 0.2 – 0.9 for the various electrode
settings and ash feeds in the Matts-Öhnfeldt model
(see Table 8).
The k-value represents a performance scale of 0
– 1, with 1 indicating ideal ESP conditions and
maximum particulate removal. The G-spike
electrodes from GS1 and GS2 exhibit the largest kfactors, which relates to the highest collection
efficiencies determined for these electrode
assemblies.
The
Deutsch-Anderson
model,
assuming optimum conditions, demonstrates the
highest accuracy (> 94%) for GS1 and GS2 and
requires the smallest adjustments to fit experimental
efficiency data.
The sawtooth electrodes from ST1 and ST2
present the second-highest k-values and collection
efficiencies, which are consistent with the
intermediate field intensities observed for this
electrode geometry (see Section 3.2.1). As in the
case of G-spikes, the Deutsch-Anderson accuracy
adheres to the trend in k-values and shows the
second-best
correlation
with
experimental
efficiencies from ST1 and ST2 (> 84% accuracy).
Finally, TR1 and TR2 display the smallest kvalues for threaded rod electrodes due to the weak
electric fields and low comparative collection
efficiencies obtained with this electrode geometry.
Once again, the Deutsch-Anderson predictions
show large deviations of 36% and 28% from the
experimentally measured efficiencies of TR1 and
TR2, respectively.
The particle migration velocities (𝒘) were also
calculated with the empirical models for the different
ESP configurations in Table 7. Based on the data in
Table 8, the particle migration velocity increases with
a decrease in electrode spacing and plate spacing
for any type of electrode geometry. This can be
attributed to the corresponding increase in strength
of the electrostatic attraction forces between the
particles and collection plates (see Section 3.2.2).
In addition, runs ST2 and GS2 with smaller plate
and/or electrode spacings show higher collection
efficiencies than the ST1 and GS1 counterparts. This
indicates that particle collection efficiency is directly
related to the particle migration velocity.
On the other hand, the three electrodes in TR2
exhibit a higher migration rate and collection

efficiency than TR2 with two electrodes, despite the
latter's 107 mm smaller electrode space advantage.
Therefore, the number of electrodes exerts a notably
larger influence on the collection efficiency outcome
than the distance between the electrodes. This
complies with the ANOVA results from Section 3.1
(Figure 3) that show more significant first-order
effects for the number of electrodes (term D) and
insignificant first-order effects for electrode spacing
(term B).

4. Conclusion and recommendations
4.1 Conclusion
The effects of different variables on the ESP
efficiency were investigated with the use of RSM,
CFD, and empirical modelling techniques. The
following conclusions were made with reference to
the findings of this study:
1. The fly ash resistivity, ash loading, electrode
geometry, number of discharge electrodes,
and collection plate spacing are all significant
factors for the first-order collection efficiency
response. The electrode spacing, however,
shows little effect on particle collection rates.
2. Average resistivities of 1.7×1010 Ω.cm and
1.2×1011 Ω.cm were recorded at atmospheric
conditions for ash A and B from two different
South-African power plants. The ash of
higher resistivity shows shorter operating
voltage ranges, yet higher collection
efficiencies than the lower resistivity ash.
3. The ESP process is more complex for the
effective removal of individual particulates
compared to bulk removal, resulting in
decreased collection efficiencies for smaller
ash loadings.
4. Different discharge electrode geometries
produce unique electrostatic field and current
density distributions, which governs the
particle flow patterns and deposition across
the collection plates. G-spike electrodes
shows the highest electric field intensities
and collection efficiencies, followed by
sawtooth electrodes and, lastly, threaded
rods.
5. The electric field intensity increases for an
increase in the number of discharge
electrodes, which improves particle collection
efficiency.
6. Shielding effects exist for multi-electrode
ESP assemblies with narrow electrode
spacings. Shielding is especially notable for
the large G-spike geometry, and weakens
the field intensities on the inner sides of
adjacent electrodes. Excessive shielding can
significantly impede the ESP
particle
collection rates.
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7. A decreased collection plate spacing leads to
an increase in the electric field strength and,
consequently, an increase in collection
efficiency. The ESP performance shows a
strong dependence on collection plate
spacing as small adjustments to the plate
distance produces considerable changes in
the collection efficiency.
8. The Deutsch-Anderson model significantly
overestimates the collection efficiencies,
indicating strict limitations to ideal ESP
conditions. The Matts-Öhnfeldt model shows
a better agreement with experimental data if
empirical k-constants of 0.2 – 0.9 are used.

4.2 Recommendations
The following recommendations are made for
future research:
1. Conduct the ESP experiment in a
temperature
and
humidity-controlled
environment to minimise variations in ash
resistivity for different runs.
2. Perform a detailed study on factors affecting
particle rebound and re-entrainment and the
respective contributions to efficiency losses.
3. Give additional attention to the relationship
between gravitational settling and electric
field intensity.
4. Measure the particle permittivity for the fly
ash at ambient conditions to provide more
realistic values for the relative permittivity
input parameter in the CFD model.
5. Examine the same discharge electrode
geometries, but with different rotational
angles and dimensions, such as length, spike
curve radius, thread pitch, and tip area for
electric field intensity and collection
efficiency.
6. The computational domain for the CFD
model relevant to this study is limited to the
ESP section. An expanded domain that
includes the entire ESP channel can provide
a more realistic description of the air and
particle flow profiles by accounting for factors
like upstream turbulent currents and particle
settling.
7. Perform ESP experiments where the
supplied voltage is kept constant for the
entire duration of the run.
8. Measure the air velocity at the ESP inlet and
outlet on a continuous basis to obtain a more
accurate average flow rate for a particular
run.

Acknowledgements
The research conducted in this study was funded
by the Eskom Power Plant Engineering Institute

(EPPEI)
Control.

Specialization

Centre

for

Emissions

References
Adamiak K, Atten P (2004) Simulation of corona
discharge in point-plane configuration. Journal of
Electrostatics, 61: 85–98.
doi: 10.1016/j.elstat.2004.01.021
Arif S, Branken D, Everson R, Neomagus H
(2018) A computational model for the description of
electrostatic precipitator performance.
Arif S, Branken D, Everson R, Neomagus H
(2018) The influence of design parameters on the
occurrence of shielding in multi-electrode ESPs and
its effect on performance. Journal of Electrostatics,
93: 17–30.
doi: 10.1016/j.elstat.2018.03.001
Bäck A (2014) Some observations regarding the
Matts-Öhnfeldt equation. International Journal of
Plasma Environmental Science and Technology, 8:
1–8.
CD-adapco (2008) STAR CCM+ User Guide
4.02.
Farnoosh N, Adamiak K, Castle P (2010) 3-D
numerical analysis of EHD turbulent flow and monodisperse charged particle transport and collection in
a wire-plate ESP. Journal of Electrostatics, 68: 513–
522.
doi: 10.1016/j.elstat.2010.07.002
Gao W, Wang Y, Zhang H, Guo B, Zheng C, Guo
J et al. (2020) A numerical investigation of the effect
of dust layer on particle migration in an electrostatic
precipitator. Aerosol and Air Quality Research, 20:
166–179.
doi: 10.4209/AAQR.2019.11.0609
Haque S, Rasul M, Khan M (2008) Modelling and
simulation of particle trajectory inside an
electrostatic precipitator. Proceedings 2008 BSMEASME International Conference on Thermal
Engineering, Dhaka, Bangladesh, 27-29 December
2008, pp. 648–657.
Karunarathne S, Tokheim L (2017) Comparison
of the influence of drag models in CFD simulation of
particle mixing and segregation in a rotating cylinder.
Proceedings 58 Conference on Simulation and
Modelling (SIMS 58), Reykjavik, Iceland, 25-27
September 2017, pp. 151–156.
doi: 10.3384/ecp17138151
Lin G, Chen T, Tsai C (2012) A modified DeutschAnderson equation for predicting the nanoparticle
collection efficiency of electrostatic precipitators.
Aerosol and Air Quality Research, 12: 697–706.
doi: 10.4209/aaqr.2012.04.0085
Mohanty C, Swar A, Meikap B, Sahu J (2011)
Studies on factors influencing fly ash resistivity from

Page | 53

electrostatic precipitator with reference to India.
Journal of Scientific and Industrial Research, 70:
795–803.
Montgomery D (2017) Design and analysis of
experiments. Tempe, Arizona. John Wiley & Sons,
Inc.
Pretorius I, Piketh S, Burger R, Neomagus H
(2015) A perspective on South African coal fired
power station emissions. Journal of Energy in
Southern Africa, 26: 27–40.
doi: 10.17159/2413-3051/2015/v26i3a2127
Pretorius I, Piketh S, Burger R (2015) Impacts
and control of coal-fired power station emissions in
South Africa. North-West University.
Reynolds J, Theodore L, Marino J (1975)
Calculating collection efficiencies for electrostatic
precipitators. Journal of the Air Pollution Control
Association, 25: 610–616.
doi: 10.1080/00022470.1975.10470116
Richards J (2000) Control of particulate matter
emissions. APTI Course 413. North Carolina State
University.
Turner J, Lawless P, Yamamoto T, Coy D (1999)
Electrostatic precipitators. In J McKenna, J Mycock,
A Nunn (Eds), Particulate Matter Controls, Chapter
3, 1-70.
Vallero D (2008) Fundamentals of air pollution
4th edn. Elsevier.
Yuan C, Shen T (2010) Electrostatic precipitation.
In L Wang, N Pereira, Y Hung (Eds), Handbook of
Environmental Engineering, Chapter 4, 153-195.
Humana Press Inc.

Page | 54

Tier 2 Greenhouse Gas Emission Factors for South African Liquid and Gaseous
Fuels
Gerrit Kornelius1, Patricia Forbes*2, Theo Fischer3 and Malin Govender3
1

Department of Chemical Engineering, University of Pretoria, Hatfield 0028, South Africa,
gerrit.kornelius@up.ac.za
2 Department of Chemistry, University of Pretoria, Hatfield 0028, South Africa, patricia.forbes@up.ac.za
3
E-science Associates, PO Box 2950 Saxonwold 2132, South Africa

Higher tier methods for greenhouse gas reporting require country-specific emission
factors for a range of liquid and gaseous fuels for stationary and mobile fuel combustion
activities. Samples of selected liquid fuels used in South Africa were collected over the
summer and winter seasons of 2021 in the Gauteng, Mpumalanga, Free State, KwaZuluNatal and Western Cape Provinces, primarily from large retail stations along major traffic
routes (unleaded petrol (ULP93 and ULP95) and diesel). Liquid fuels used in smaller
volumes (bio-ethanol, paraffin, jet kerosene, aviation gasoline and heavy fuel oil) were
also sampled at appropriate locations. Samples (343 in total) were analysed for carbon
content using standard methods at an accredited commercial laboratory. Calorific values
of the fuels were also determined to allow for the calculation of methane and nitrous
oxide emission factors. Results were statistically analysed to determine mean values
and their uncertainties; identify outliers, and determine correlations between variables.
Results for ULP93 and ULP95 were weighted by their respective 2021 annual average
sales volumes to obtain an average value for all petrol of 2263 g CO2/L. Based on sales
data from the years 2018-2021, summer and winter results were equally weighted to
obtain annual average emission factors for ULP93 (2255 g CO2/L), ULP95 (2265 g
CO2/L) and diesel (2650 g CO2/L), reflecting a slight decrease from the values contained
in the Technical Guidelines for Monitoring, Reporting and Verification of Greenhouse
Gas Emissions by Industry presently being used by DFFE. A calculation-based liquefied
petroleum gas emission factor, confirmed by analysis certificates from a few local
suppliers, was found to be 3002 g CO2/kg.
Keywords: greenhouse gas; emission factor; fuel; emission inventory; carbon dioxide.
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1. Introduction
The National Climate Change Response Policy
(NCCRP) of 2011 (DEA 2011) describes South
Africa’s climate change response. Monitoring and
evaluation is an important aspect, and the National
Greenhouse Gas (GHG) Inventory forms a
significant part of the requirements for monitoring.
To this end, the National GHG Emission Reporting
Regulations, under the National Environmental
Management: Air Quality Act, 2004 (Act No. 39 of
2004), took effect in April 2017 to establish a single
reporting and inventory system for greenhouse gas
emissions (DEA 2017a).
The IPCC (Intergovernmental Panel on Climate
Change) Guidelines for National Greenhouse Gas
Inventories (IPCC 2006) define three tiers or levels
of accuracy when reporting GHG emissions. Tier 1
uses generic emission factors provided by the IPCC,
tier 2 uses country-specific emission factors, and tier
3 uses specific industry data that may be available
for some sectors. The SA regulations require that
certain emission categories (including gaseous and
liquid fuels for transport and stationary applications)
use tier 2 methods to report GHG emissions starting
five years after April 2017.
This paper reports on the results of a study to
determine SA-specific GHG emission factors for a
range of liquid and gaseous fuels.
We report on the results obtained from sampling
and analysing petrol (ULP93 and ULP95), diesel, jet
kerosene (also known as Jet A1), aviation gasoline,
paraffin, and residual fuel oil (also known as heavy
fuel oil). Country-specific emission factors were also
determined for liquified petroleum gas or LPG, using
appropriate empirical calculations.
As methane and nitrous oxide emissions are
often determined based on the energy content of
fuels, calorific values of the fuels were also
determined to allow for the calculation of these
factors for specific combustion devices.
This is the most extensive study in South Africa
to date to determine the carbon dioxide emission
factors of liquid fuels based on fuel sampling and
analysis.

2. Background
2.1 Sample number requirements
API (American Petroleum Institute) Technical
Report 2572 (API 2013) gives a method for
determination of carbon content of petroleum and
petrochemical products. The uncertainty of the
average carbon content is calculated from multiple
samples, assuming a normal distribution of the
values.

For the reverse process (determining the number
of samples required to achieve a given confidence
level), an estimate of the sample standard deviation
is needed, which due to legal and commercial
objections, could not be determined from supplier
information before sampling was due to start. EN
14274 (CEN2013a) describes a fuel quality
monitoring system (FQMS) for fuels in European
member states, but the statistics used to determine
the number of samples to be drawn are not
described.

2.2 Sampling methodology
Sampling of liquid fuels from retail site pumps is
typically conducted using methods based on EN
14275:2013 of the European Committee for
Standardization (CEN 2013b). The American
Petroleum Institute (API) details sampling
requirements in API 2572 (2013) with similar
sampling procedures to the European standard, as
does ASTM D4057 (2019).

2.3 Chemical analysis
The carbon content of fuels can be obtained via
several instrumental methods. These include
chromatographic analysis and nondispersive
infrared (NDIR) spectroscopy of sample combustion
products. ASTM D5291 and ASTM D7662 are
considered technically acceptable standards (API
2572 (2013)).
ASTM D5291-16 details the instrumental
determination of carbon in petroleum products and
lubricants in the range of 75-87% C, whilst ASTM
D7662-15 (reapproved 2020) applies to the
determination of the carbon content in carbon black
feedstock oil containing typically 75-94% C by mass.
These methods provide for the combustion of
samples in oxygen, after which the carbon dioxide
evolved is measured. In the ASTM D7662-15
standard, the evolved carbon dioxide is determined
by infrared absorption.
As the routine analytical determination of carbon
content is expensive, some evidence of a correlation
between carbon content and density exists (API
2013). Liquid density was therefore determined
using ASTM D4052.
Method ASTM D4868 determined the calorific
value of selected winter and summer fuel samples.
In brief, the sulphur, water and ash content, as well
as the density of the fuel sample, are determined
experimentally. These results are then used to
calculate the estimated heat of combustion of the
sample using an empirical correlation. Separate
equations are used to determine the gross and net
heat of combustion, respectively.
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2.4 Statistical analysis
Results for carbon content, density and calorific
value for the different types of fuel for summer and
winter were statistically analysed using two
methods:
•

As per API Technical Report 2572 (API 2013),
simple averages and confidence limits assume
normal distributions.

•

Comprehensive
statistical
analysis.
to
accommodate both Gaussian and nonGaussian distributions, which included a
bootstrapping technique to provide additional
data for analysis where low sample numbers
were an obstacle. Bootstrapping involves
creating simulated datasets of the same size as
the original by randomly drawing values from the
original dataset. Confidence intervals were then
determined from the distribution of the averages
of the simulated sets.

2.5 Calculation of GHG emission factors
The most accurate method for the calculation of
carbon dioxide (CO2) emission factors arising from
the combustion of gaseous and liquid fuels is using
the actual carbon content of the fuel (API 2009).
100% conversion of the carbon to CO2 is commonly
assumed (IPCC 2006). Even if soot or other products
of incomplete combustion are present, these can be
assumed to oxidise over a finite number of years
(EIA 2007). Emissions of the next most significant
contributors to GHG emissions (methane or CH4 at
9% and nitrous oxide or N2O at 4.7% on a CO2
equivalent basis of the 2017 SA emissions) (DFFE
2020) are dependent on the combustion appliance
and process conditions. They are often given as
emission factors on an energy unit basis (see for
instance API 2009, DEE 2017, EPA 2021).
Determining the country-specific calorific values of
the fuels will therefore remove some of the
uncertainty associated with estimating the
contribution from these gases to our national
greenhouse gas inventory.

3. Methods
3.1 Sampling strategy
As limited information for the calculation of
sample numbers was available, a pragmatic
approach dictated by the project budget and the time
available was followed. As approximately equal
volumes of petrol and diesel are sold annually, 150
samples were assigned to each of these significant
liquid fuel types. Based on sales volumes, 80% of
petrol samples were assigned to ULP95 and 20% to
ULP93. As the composition of these fuels is known
to differ between seasons, samples were divided
equally between winter and summer sampling
campaigns. All samples were taken between June
and November 2021.

Liquid fuels and LPG are produced at Durban,
Cape Town, Secunda and Sasolburg. Major storage
facilities are available at these locations, as well as
at Heidelberg (the terminal of the multi-product
pipeline) and Alrode in Gauteng. These major
storage locations transfer liquid fuels to smaller
depots in the various provinces. For the Western
Cape, Gauteng and KwaZulu-Natal (KZN), turnover
times of the storage tanks were difficult to determine
as the transfer occurs between central storage
locations and local depots. For the other provinces,
provincial fuel use statistics (see, for instance DoE
2021) and storage tank data (NERSA 2020) allowed
the calculation of turnover times, which varied
between 4 days (Northern Cape) and 20 days
(Northwest). As these provinces consume only 5.3%
of petrol and 7.6% of diesel sales, they were
excluded from the sampling strategy and samples
were procured on a ten day-cycle from large petrol
stations (major brands) along major routes in
Western Cape, Gauteng, Mpumalanga and KZN, as
well as a small number of samples from the smaller
brands. The Eastern Cape is supplied from KZN and
the Western Cape, whereas Limpopo is supplied
from Gauteng and these provinces were therefore
not included.
Jet kerosene was sampled at the fuel depots at
OR Tambo International Airport, Cape Town
International Airport and King Shaka International
Airport during every sampling trip.
Aviation gasoline was sampled from fuel depots
at Rand Airport, Cape Town International airport and
a private airfield in Gauteng.
Paraffin was sampled from retailers (spaza shops
and hardware stores) during sampling trips to
Gauteng, Western Cape, Mpumalanga and KZN.
Local refineries normally produce residual fuel oil
or heavy fuel Oil (HFO). The large reduction in jet
fuel sales during the Covid pandemic required local
refineries to revise production configurations,
reducing local HFO supply. Significant volumes of
HFO were therefore imported during the sampling
period. Samples of the imported stock and samples
from one local producer were obtained. The results
for HFO given in this report are therefore not
representative of the ‘normal’ supply situation in
South Africa. However, the recent closure of three
refineries will probably lead to continued imports.
No Liquefied Petroleum Gas (LPG) samples were
taken due to the non-availability of analytical
equipment to analyse the carbon content of gases.
Calculations were thus carried out based on the
composition data prescribed by SANS 1774-2018
(SABS 2018). Analysis certificates from importers
were used to confirm these calculations.
Although bioethanol is not currently being used
as a fuel in South Africa, at the request of DFFE, a
few samples of this fuel type were obtained from the
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major supplier of bioethanol which is being used as
potable ethanol.
Only a single Light Fuel Oil (LFO) sample could
be obtained for analysis due to the limited number of
users of this fuel type.
Table 1 at the end of this manuscript lists the
number of samples taken per fuel type and season.

3.2 Sampling
Sampling of liquid fuels was conducted according
to a standard operating procedure (SOP) developed
for the project, based on EN 1475:2013 (CEN
2013b).
Copper funnels were used so that the fuel
entered the sampling container at the bottom to
minimise the loss of volatiles. After an initial 4 L
purge from the fuel dispensing nozzle into a separate
container, one-litre aluminium sample containers
were filled to 80% capacity (to allow for thermal
expansion). They were sealed with vapour seals and
aluminium screw caps. A tamper-proof seal was
placed over each cap to provide proof of an intact
chain of custody from sampling to transporting to the
analytical laboratory (Figure 1).

Determination of total carbon (TC) was
performed using an SGS in-house method (NDIR-1)
based on ASTM D5291 and ASTM D7662. This
method employs an elemental analyser based on
nondispersive infrared (NDIR) spectroscopy. A
cooled autosampler injected 10 µL of sample onto
quartz paper, which a piston then transferred into a
furnace at 1050 oC. Combustion occurs under an
oxygen environment to produce carbon dioxide. The
combustion products were dried, and NDIR
determined the carbon content.
Isooctane (EMSURE, Analytical Grade, Supelco)
was used for calibration and quality control. Each
sample was analysed in duplicate, with a 3%
tolerance allowed between them. As part of the
method validation, repeatability (six analyses by the
same laboratory technician on the same day) and
reproducibility (six analyses each by four different
laboratory technicians on different days) were
tested. The method detection limit was 87,26 µg
carbon, and the quantification limit was 378.91 µg
carbon.
The combined measurement uncertainty was
±2.0935 g/L carbon. Thus the uncertainty of
measurement is 4.1033 g/L.
Certified reference materials (CRMs) were also
submitted to the laboratory. For liquid fuels, the CRM
was 2,2,4-trimethylpentane or isooctane (99.8%
purity, purchased from Sigma-Aldrich, South Africa),
which has a total carbon content of 84.1% and a
density of 0.692 g/mL at 25 oC. For HFO sample
analysis, the CRMs were a residual fuel oil (Leco,
Part no. 502-850) with an 83.86% carbon content
and paraffin oil (Leco, Part no. 502-901) with a
carbon content of 86.4%.

3.4 Statistical analysis
As evidenced by the Q-Q plot (Figure 2 below) for
the carbon content results, the values are nearly
normally distributed.

Figure 1: Labelled liquid fuel sample with a tamperproof seal

Samples were labelled with the date, time and a
unique sample identification number containing
identifiers for the fuel type, province, city,
manufacturer, and season. Samples were then
stored at ambient temperature before transportation
by a suitably qualified company (Hazmat Global
Support Services).

3.3 Chemical analysis
All samples were analysed at the accredited SGS
South Africa (Pty) Ltd Oil, Gas and Chemicals
Division Laboratory in Durban.

Figure 2. Q-Q plot for regression residuals of
the carbon content.

The carbon content, density and calorific value
results (averages and confidence intervals) obtained
by the API 2572 method and by bootstrapping were
therefore virtually identical, and only the former is
reported here. A total of ten samples were identified
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Table 5: HFO results.

as outliers by the Mahalanobis estimation technique
and were thus removed for this analysis.
Some results of the correlation between
properties are also provided.

Carbon%

85.93±1.58

Density g/l

0.994±0.12

4. Results
4.1 Carbon content, density and calorific
value
Raw results per fuel and season are given in
Table 2 at the end of this paper. In all cases, the 90%
confidence intervals (i.e., the 5% and 95% values of
the distribution) are indicated.
The relative sales volumes for these products
must be considered to obtain an average emission
factor value for ULP93 and ULP95. For 2018 to
2021, the volumes of ULP93 as a percentage of the
total petrol sales showed a slight annual decline
(from 19.7% to 17.0% over the four years) (SAPIA,
personal communication). The results using the
weighting for 2021 and the equal summer and winter
sales figures evidenced by Table 3 provide the
national emission figures given in Table 4. The CO2
emission factors calculated from Annexure A of the
DEA (now DFFE) Technical Guidelines for
Monitoring,
Reporting
and
Verification
of
Greenhouse Gas Emissions by Industry (DEA
2017b) are also included. These emission factors
are currently used for statutory purposes, including
the calculation of carbon tax. The differences
between the EFs determined in this study, and the
current guideline values are all less than 2%
For LPG, SANS 1774: 2018 provides the
maximum allowable content of total C2 compounds,
ethylene and other dienes and the allowable range
of hydrocarbons heavier than C4. The permissible
range of vapour pressures at 37.8°C limits the
maximum butane (C4) content to 50% on a
normalised (absence of heavier and lighter
hydrocarbons) basis. Calculations were carried out
for a range of mixtures from 50:50 propane: butane
to 90:10 with no impurities and maximum allowable
impurities. Results were all in the range of 0.818 to
0.821 kg C/kg LPG mixture, or a CO2 emission factor
of 2.996 to 3.007 kg CO2/kg LPG.
The results were verified empirically by
Certificates of Analysis from importers of LPG. Five
certificates from different suppliers and batches, all
with contents meeting the requirements of SANS
1774:2018, were obtained. Emission factors varied
between 3.002 and 3.003 kg CO2/kg LPG mixture.
This study's corresponding CO2 emission factor is
3002 (2996 – 3007) g/kg, while the corresponding
value from the Technical Guideline is 2985 g/kg.
For HFO, the results in Table 5 were obtained.

4.2 Correlation between variables
The correlation between some variables was
investigated to facilitate the easier future
determination of emission factors. Figure 3 below is
a graphical example. Unfortunately, the correlation
between carbon content and density for diesel only
has a correlation coefficient of 0.29. For ULP95 and
ULP93, the correlation coefficients between carbon
content and density were found to be 0.38 and 0.05
respectively.

Figure 3: Correlation between carbon content and
density for diesel.
Although the correlation between carbon content and
net calorific value appeared to be strong when all the major
fuels were plotted (Figure 4 below), for the individual fuels
the correlation was not statistically significant.

Figure 4. Correlation between carbon content and net
volumetric calorific value for petrol (ULP93 green, ULP95
blue), diesel (red)and jet fuel. (black)

5. Discussion
The results presented here are valid for the
period when the samples were taken. Unusual
conditions pertained due to restrictions on travel
imposed during the COVID 19 pandemic, which
resulted in unusual refinery scheduling as already
noted. The July 2021 unrest in KZN and the resultant
10-day shutdown and restart of the SAPREF refinery
forced a delay in the start of the sampling runs to
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allow for the upset to work its way through the
distribution system.
At the time of sampling, the Engen and Astron
refineries experienced periods of shutdown.
Replacement fuels were imported for distribution in
the areas of their supply and included in the
samples. After project closure, it was announced
that the SAPREF refinery would also be shut down
for an indefinite period. The replacement of locally
refined fuel with imported substitutes can potentially
affect fuel composition and hence also emission
factors in future years.
It will thus be prudent for the carbon dioxide
emission factors reported from this study comprising
imported fuel to be compared with local and
international data and consideration be given for
factors to be re-assessed in future where imported
fuels are not representative of locally produced or
previously imported fuel.

6. Conclusions
South African country-specific emission factors
for liquid and gaseous fuels, as required by the
greenhouse gas reporting regulations (DEA 2017a,
DFFE 2020) and employed for carbon tax purposes,
have thus been determined in this study via a
rigorous and extensive sampling and analysis
process. These South African specific carbon
dioxide emission factors for liquid and gaseous fuels
provide an important advancement in the
greenhouse gas inventory reporting capabilities of
the country. Due to the vast amount of solid fuels
combusted in South Africa, it is recommended that
this study be expanded to include the determination
of country specific carbon dioxide emission factors
for locally used solid fuels, including anthracite and
coal.
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Table 1: Sample distribution per fuel type, region and season.
Winter

Summer

ULP
93

ULP
95

Diesel

Aviation
gasoline

Jet
kerosene

ULP
93

ULP
95

Diesel

Aviation
gasoline

Jet
kerosene

Paraffin

12

18

23

0

2

11

18

23

3

3

2

KwazuluNatal

16

21

0

2

0

16

21

0

3

1

Western
Cape

14

14

0

2

0

11

14

3

3

1

Gauteng

Mpumalanga

3

10

12

0

0

2

10

11

0

0

1

Free State

1

4

4

0

0

2

4

4

0

0

1

16

62

74

0

6

15

59

73

6

9

6

Total

Table 3: Relative summer and winter sales, 2018-2021 (SAPIA, personal communication)

2018

2019

2020

2021

Summer Winter

Summer Winter

Summer Winter

Summer Winter

Petrol

49.4%

50.6%

50.1%

49.9%

56.9%

43.1%

50.7%

49.3%

Diesel

49.4%

50.6%

52.7%

47.3%

54.0%

46.0%

50.1%

49.9%

Table 4: National emission factors for carbon dioxide with comparison to the Technical Guideline values.

Fuel Type

National CO2 Emissions Technical
Guideline
Average (g/L), this study
(DEA 2017b) (g/L)

Aviation gasoline

2229

2202

Jet kerosene

2528

2491

Diesel

2650

2692

Bioethanol

1470

Note 1

Residual fuel oil

3124

2996

Paraffin

2424

2488

Petrol

2263

2302

Note 1: The Technical Guideline does not provide a value for bioethanol.
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675.5±11

National Carbon Content Winter (g/L)

85.42±1.0

National Carbon Content Winter (%)

0.791±0.006

National Density Winter (kg/L)

43.05±0.07

National CV (lower) Summer (MJ/kg)

45.85±0.043
42.99±0.033

National CV (higher) Winter (MJ/kg

National CV (lower) Winter (MJ/kg)

Diesel

45.93±0.09

National CV (higher) Summer (MJ/kg)

Diesel

0.797±0.006

National Density Summer (kg/L)

Jet
kerosene

87.97±0.99

National Carbon Content Summer (%)

Jet
kerosene

700.0±12

National Carbon Content Summer (g/L)

Jet
kerosene

43.94±0.066

47.08±0.085

ULP93

Fuel type

43.83±0.18

46.94±0.23

ULP93

Fuel type

0.714±0.001

Aviation
gasoline

85.08±0.84

Aviation
gasoline

608.2±6.8

Aviation
gasoline

43.87±0.021

47.00±0.028

ULP95

43.85±0.08

49.88±0.25

Bioethanol

0.805±0.0001

Bioethanol

Fuel Type

0.825±0.002

ULP95

401.8±1.7

Bioethanol

Fuel Type

Fuel Type

0.826±0.002

Diesel

87.00±0.38

88.31±0.79

Diesel

717.3±3.5

729.3±2.8

Diesel

46.97±0.10

Table 2: Carbon content, density and calorific value of liquid and gaseous fuels.

0.765±0.02

Paraffin

86.48±0.67

Paraffin

661.6±17

Paraffin

0.739±0.003

0.738±0.002

ULP93

82.66±0.44

84.13±1.3

ULP93

610.1±10

620.7±3.6

ULP93

0.742±0.002

0.743±0.002

ULP95

82.68±0.33

83.60±0.47

ULP95

613.6±3.6

621.4±4.0

ULP95
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Abstract
The use of fuelwood as a major source of energy has been reported in several subSaharan countries. Although there is a gradual shift towards the use of more sustainable
and cleaner sources of energy, the majority of rural dwellers still prefer fuelwood due to
several reasons. This study aimed at evaluating the socio-economic factors influencing
fuelwood usage or consumption in Boshega village in the Limpopo province. To this end,
282 households were selected using the simple random techniques, and the structured
questionnaires were distributed to the household occupants to collect the primary data.
The Statistical Package for Social Sciences was used to code and log in the data. A nonparametric test (chi-squared) was employed to determine the relationships that exist
between the socio-economic factors and the choice of energy sources used for cooking
space-heating, water-heating and lighting. At the same time, the Cramer’s V symmetrical
measure was applied to establish an association of the variables, the strength and the
direction of the relationship. The study revealed that fuelwood is still widely used in the
village, where 89.7%, 96.1%, 98.9% of the respondents preferred fuelwood as the major
source of energy for cooking, space and water heating, respectively. Electricity was the
least preferred energy source for cooking (1.4%), space heating (1.4%) and water
heating (0.4%). Furthermore, 8.5% and 1.8% of the sampled households preferred
energy-mix for cooking and space-heating, respectively, whilst none of the respondents
preferred energy-mix for water-heating. Additionally, the respondents revealed that other
biomass fuels such as crop residues/waste and cow dung are not preferred in the studied
village. 99.3% of the respondents used electricity for lighting since the majority of the
households are electrified, at the same time only 0.4% used other sources of energy
such as candles and kerosene. it was concluded that variables such as age, monthly
income, and employment status are amongst the key determinants of households’
energy fuel choice required for cooking and space heating, and conformed to the
propositions of “Energy Ladder Hypothesis”. At the same time, gender, education level
and family size did not necessarily influence the choice of energy sources.
Keywords: Fuelwood, rural households, socio-economic factors, Limpopo Province,
choice of fuelwood, energy fuels, biomass fuel

1. Introduction
Although fossil fuels, hydropower and nuclear power
are the most commonly used energy fuels, about
three billion people still rely heavily on solid biomass
fuels (fuelwood, charcoal, crop residues/waste and
animal dung; and coal (predominantly used in China)
as the primary sources of energy for cooking, water
and space heating (Balakrishnan et al. 2011; Chan
et al. 2011; Deng et al. 2020; Diez and Perez 2017;
Kapwata et al. 2018; Lambe et al. 2014; Ochieng et
al. 2013; Gall et al. 2013; Ezzati and Kammen, 2002;

Smith et al. 1983). Generally, in developing nations
such as Bangladesh, India and Indonesia, including
South Africa, although there is a gradual shift
towards the use of more sustainable and cleaner
energy fuels, the majority of the rural residential
areas still rely heavily on traditional biomass fuels as
compared to urban areas which mostly rely on
cleaner energy (Kakati and Konwer, 2002; Smith et
al.1983). Household occupants prefer this fuel type
because it is much cheaper than most of the
alternative available fuel types (Uhunamure et al.
2017; Semenya and Macheke, 2019; Sota et al.
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2017; Dadile et al. 2020; Shuma et al. 2016; Brocard
and Lacaux, 1998). Statistically, approximately 70%
of the households in developing countries use
biomass fuels in the form of fuelwood; however, in
the absence of this type of fuel, agricultural residues
or cow dung are used as the main source of energy
for cooking, water and space-heating (Brocard and
Lacaux, 1998).
In the mid-1970s, it has been observed that fuelwood
consumption rate increased rapidly, which caused
major detrimental impacts on forest resources and
poor household occupants who are always exposed
to pollutant emissions from fuelwood combustion
during cooking, water and space-heating (Arnold et
al. 2006). These biomass fuel consumption rate
statistics is anticipated to rise until at least 2030
(Parajuli et al. 2016). This increase might have
occurred because in in rural residential dwellings of
the developing countries, fuelwood remains a major
source of energy, mainly because of its availability,
a lack of alternative energy sources and its simplicity
in harvesting (Kokati and Konwer, 2002). In addition,
biomass fuel usage or consumption is also
influenced by factors such as traditions, low income
and enhancing the taste of food (Komala and
Prasad, 2014; Nkosi et al. 2018). In developing
countries, biomass combustion is an activity which
has been practised for centuries to supply the human
population with direct energy for cooking, space and
water heating, as well as lighting (Gall et al. 2013;
Makonese and Bradnum, 2018).
During biomass fuel combustion, gaseous pollutants
emission such as carbon dioxides (CO2), methane
(CH4), nitrogen oxides (NOx), carbon monoxide
(CO), sulphur dioxide (SO2)) and smoke particles
(particulate matter) are released into the
atmosphere, and that on its own has the potential
cause atmospheric pollution and detrimental effects
on human health (Gall et al. 2013; Makonese and
Bradnum, 2018). In some rural domestic homes of
New Zealand, approximately 95% of the winterseason ambient particulate matter originated from
solid biomass fuels combustion (Mitchell, 2017). The
burning of these fuels, particularly in poor rural
communities where majority of the household heads
cannot afford to buy more sustainable cleaner
energy (electricity, kerosene, or liquefied petroleum
gas (LPG)) leads to indoor air pollution (Chakraborty
et al. 2014). In the United Kingdom (UK), fuelwood
consumption has been predicted to increase by a
factor of 14 between 1990 and 2030 (Mitchell, 2017).
Generally, in Europe, currently there is an increase
in usage of solid biomass fuels within the rural
communities which has been triggered by the rise in
fossil fuel prices and climate change mitigation
policies (Denier Van der Gon et al. 2015). In light of
that, there is an increase in the indiscriminate cutting
of trees for energy use without even considering their

combustion quality or calorific value, and this
deforestation also contributes to global warming,
which subsequently leads to climate change (Dadile
et al. 2020; Shuma et al. 2016). These detrimental
impacts on the environment occur due to
unsustainable fuelwood consumption or when
fuelwood usage occurs at a rate that exceeds natural
growth (Ghilardi et al. 2009). In developing
countries, despite the negative impacts on the
environment and human health which are linked to
high levels of gaseous and smoke particles from
residential fuelwood combustion, households’
occupants are most likely to continue with the
biomass fuels usage (Makonese et al. 2017). This
will occur because low-income households are still
finding it difficult to afford or purchase electricity
(Makonese et al. 2017). In addition, the majority of
poor communities in developing countries use
electricity for lighting and entertainment and use
fuelwood for both cooking, water heating and space
heating (Makonese et al. 2006). In view of this, in the
UK, annual black carbon emissions from the
residential fuelwood burning were estimated to
exceed 3000 tonnes by 2030, which is higher than
that of the transport sector (Mitchell, 2017).
However, reliable fuelwood usage statistics are
difficult to obtain because wood is often categorized
as a non-commercial item which falls outside the
economic
administration
(Mitchell,
2017;
Chakraborty et al. 2014).
In poor residential areas of South Africa, pollutant
emissions from domestic biomass combustion have
always been amongst the main sources of air
pollution (Naidoo et al. 2015). According to the
national census data recorded in 2011,
approximately 4,5 million people in South Africa use
fuelwood, coal and/or animal dung as fuel or source
of energy for domestic cooking and space heating
(Kapwata et al. 2018). In light of this, roughly 26% of
the population in the Limpopo Province rely heavily
on fuelwood as the cooking, space and waterheating fuel (Masekoameng et al. 2005).
Low-income domestic homes that accommodate a
large number of people utilise a large amounts of
coal, paraffin (kerosene), fuelwood and other
substances in order to provide for their energy needs
(Naidoo et al., 2015). Women are the main
regulators of this fuel cycle; usually, they are
primarily responsible for fuelwood collection and
doing most of the cooking at home, just like in most
cultures (Smith et al.1983). Furthermore, the
majority of domestic cooking is done using a simple
appliance such as pit in the ground, three rocks or
similar arrangements. Most importantly, during
residential combustion of fuelwood in a traditional
three-stone cook-stove, indoor and outdoor air
quality is degraded. Gaseous and particulate
pollutants are responsible for numerous health and
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social problems, mostly affecting women and young
children since they are mostly exposed to such
pollutants during cooking (Gall et al. 2013). The
primary objectives of this study were to investigate
the mostly-preferred biomass fuels in Boshega
village; identify the traditionally
preferred tree
species for fuelwood; and determining the driving
forces for fuelwood consumption.

2. Study area and methods
2.1

Study area

The study was conducted in Ga-Molepo, Boshega
village, within the jurisdiction of the Polokwane local
municipality of the Capricorn district and located in
the northern part of South Africa, at following
geographical coordinates: 24002’01.04” S and
29048’09.08” E. Figure 1 depicts the study area.
Boshega village consists of 423 households
(Statistics South Africa, 2011). The settlements have
unequal access to health facilities and schools;
limited infrastructure; high unemployment rates; and
few job opportunities. Poor standard of living made
households to depend more on pensions,
government grants, and remittances from family
members who migrate to urban centres to work. The
majority of the household occupants in the village
rely largely on fuelwood as the major source of
energy for cooking, space heating and water
heating; and electricity for lighting since almost all
households are electrified. Fuelwood is collected
from the bushland mostly by women.

Figure 1. Map of Polokwane local municipality
showing the study area.

2.2 Sampling techniques and data
collection methods

The selected study area consists of 423 households
(RSA Statistics South Africa, 2011). Of this, 282
were sampled using the Slovin formula (n = N / 1 +
Ne2) for basic approximation (Yamane, 1967).
Where: n = sample size, N = population size, e =
Margin of Error (MoE) or Level of precision, at 95%
level of precision: p= 0.05, and e = 0.05 proportion
of estimated sample. Ultimately, questionnaires
were distributed to the randomly selected
households of the sample. In addition, ethical
clearance (FSEA/22/GES/10/0504) for this study
was issued by the University of Venda and the
Research Ethics Committee before conducting the
study.

2.3

Questionnaire structure

The questionnaire was divided into three sections:
demographic information and socio-economic
characteristics (age, sex, gender, education level,
employment status, monthly income level, family
size); kitchen structural characteristics; fuelwood
collection; the energy sources used (fuelwood,
electricity, kerosene, cow dung, agricultural residue
etc.); what the energy was used for (cooking, water
and space heating, as well as lighting); and
respondents’ informal exposure assessment.

2.4

Data analysis

The quantitative analysis was conducted by using
the International Business Machines (IBM)
Statistical Package for Social Sciences (SPSS)
statistics version 27 program. The collected data
was analysed using descriptive statistics.
Furthermore, the data was coded to facilitate data
entry into the computer. For cross tabulation,
Pearson Chi-square (χ2) test was employed to
measure the degree or nature of relationship
between two categorical variables (Uhunamure et al.
2017; Masekela and Semenya, 2021). If the p-value
is less than 0.05, that implies that there is a statistical
significant relationship between two variables, i.e.
the variables depend on each other; and at the same
time if p-value is greater than 0.005 that indicates
that there is no association between two categorical
values. Furthermore, Cramer’s V symmetrical
measures was applied to determine the relationships
amongst variables, the strength and the direction of
the relationship (Adeeyo et al. 2022; Uhunamure et
al. 2017). If the Cramer’s V symmetrical measure
value is 0, indicates that there is no association
between two variables, 0- 0.20 indicates a weak
relationship between two variables, 0.20 – 0.30 –
moderate association between two variables, and
greater than 0.30 - strong association between two
variables.

This study was based on a descriptive survey
research design. Qualitative and quantitative
research methods were used, namely observation
and a self-administered household questionnaire.
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3. Results and Discusion
3.1 Socio-economic characteristics of the
studied village
The demographic characteristics of the studied
village such as gender, age, marital status,
education level, family size, employment status, and
levels of income were discovered. In terms of the
age, five categories were used to determine the age
of the respondents. Most respondents were above
50 years of age (53.2%), followed by 31-40-year
category that made up 18.4%, then 41-50 years (16
%), then 20-30 years (11%) and under 20 years
(1.4%). Of the respondents, 51.4% were single,
36.2% married, 1.4% divorced, 10.6% widow and
0.4% widower. Furthermore, the studied village was
dominated by the households which consists of 5-6
persons (29.8%), followed by the one with 3-4
members (27.0%). Majority of the participants were
unemployed (83.0%), 7.4% employed, 4.3% selfemployed, and 5.3% pensioners. Furthermore, most
of the respondents (79.4%) in the study area either
were not working or earned less than R 500 per
month. In light of that, the majority of the households
preferred traditional fuels to meet their energy
needs, just because they would not afford to
purchase a sustainable and reliable modern fuels
such as electricity, liquefied petroleum gas (LPG)
and kerosene. The literacy rate of the respondents
was 89.4%, of which 26.6% had primary education,
47.9% had secondary-level education and 14.9%
had tertiary-level education and 10.6% had no
formal education.

3.2 Preferred energy fuels in the studied
village
The study revealed that 89.7%, 96.1%, 98.9% of the
respondents preferred traditional fuel (i.e. fuelwood)
over other energy sources, as the primary energy
source for cooking, space-heating and waterheating, respectively. Furthermore, energy-mixing
(combination of fuelwood and electricity) was the
second predominantly preferred energy sources for
both cooking (8.5%) and space-heating (1.8%).
However, none of the respondents preferred energymix for water heating. Electricity was the least
favoured energy resource for cooking (1.4%), space
heating (1.4%) and water heating (0.4%).
In addition, it has been established that other solid
biomass fuels, namely, agricultural residues and
cow dung are not preferred in the studied village. For
lighting, 99.6% of the respondents used electricity,
while 0.36% preferred other source of energy such
as candles and paraffin lamp. it was revealed that in
Boshega village, fuelwood is accessed in three
ways: it was either harvested (64.9%) from the
nearest bushland, purchased (25.9%), or collected
and purchased (7.4%) from the informal market.
Hence, the majority of the households prefer

harvesting fuelwood over buying, since most of the
villagers are unemployed. Moreover, the study
revealed that the majority of the villagers (95.4%)
use three-legged stove during cooking and waterheating. These results confirm previous research
findings in Limpopo Province by Masekela and
Semenya. (2021; Semenya and Machete. (2019).
These studies revealed that, although most of the
households are electrified, the majority of Bapedi
people still rely heavily on fuelwood for their energy
needs. The main common and frequently stated
reason is that, they were of the view that fuelwood is
the cheaper form of energy source as compared to
electricity. This reason given was consistent with the
study conducted by Hassan et al. (2013).

3.3 The predominantly preferred fuelwood
tree species
Based on overall preferences, the predominantly
preferred tree species as the essential sources of
fuelwood is presented in figure 2. The tree species,
namely, Mohwelere (Red Bushwillow (E),
Combretum apiculatum), Moswane (Mountain
Silver-oak (E), Brachylaena rotundata), Mothole
(Common Hook Thorn Tree (E), Senegalia caffra),
Mogotlho (Camel Thorn tree, Acacia erioloba),
Mosehla (African Blackwood (E), Peltophorum
africanum Sond) are mostly preferred in the village
by Bapedi householders as the sources of fuelwood
used for cooking, space heating and water heating.
The majority of the respondents (57%) indicated that
the mentioned tree species are targeted mostly
because they generate long-lasting coal as
compared to other tree species like Mountain Aloe
(Aloe marlothii subsp. Marlothii) which is amongst
the dominant tree species in the study area.
Furthermore, others (19%) indicated that these tree
species are mostly preferred due to their availability
(available in abundance).
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Figure 2. Preferred fuelwood species for cooking,
space-heating and water-heating

3.4 Socio-economic determinants of the
households’ energy choice
3.4.1 Gender of the respondents
The Pearson Chi-square test results indicated the
value (X2 = 2.243, df = 2, p > 0.05 for cooking; X2 =
2.248, df = 1, p > 0.05 for space heating; and X2 =
0.549, df = 1, p > 0.05 for water heating; and X2 =
0.546, df = 1, p > 0.05 for lighting) and concluded
that there is statistically insignificant relationship
between gender of the household and energy fuels
choice for cooking, space heating, water heating and
lighting. Generally, gender is statistically insignificant
in choosing energy for cooking, space heating, water
heating and lighting purposes. Furthermore, the
Cramer’s V symmetrical measure (0,089, p > 0.05
for coking; 0.044, p > 0.05 for space-heating; and
0.044, p > 0.05 for water heating) shows a weak
association between gender and the choice of
energy source for cooking, space and water heating.
The reason might be, although majority of the
households are headed by men, women are
responsible for fuelwood collection or harvesting and
cooking. Women in the household are most likely to
influence the adoption of a certain energy fuel.
These findings agree with findings of studies
conducted in Africa by Mothala et al. (2022);
Semenya and Machete (2019); Masekela and
Semenya (2022), which reported a statistically
insignificant relationship between gender of the
respondents and the selection of energy fuels for
cooking, space heating, water heating and lighting
purposes.
3.4.2 Age of the respondents
A Pearson chi-square tests results indicated that the
value X2 = 16.927, df = 8, p < 0.05 for cooking; X2 =
23.346, df = 8, p < 0.05 for space heating; and X2 =
0.882, df = 4, p > 0.05 for water heating; and X2 =
0.088, df = 4, p > 0.05 for lighting. The results
indicate that there is a statistically significant
relationship that exists between age of the
respondents and the choice of energy source for
cooking and space-heating, but there is a statistically
insignificant association between age and energy
fuels for water-heating and lighting. In addition,
Cramer’s V symmetrical measure value of 0.245, p
< 0.05 for cooking; and 0.204, p < 0.05 for space
heating, shows a moderate association between age
and the choice of energy sources for cooking and
space-heating purposes. These findings are in
accord with the findings of Mothala et al. (2022), who
established that age is statistically significant in
choosing sources of energy for cooking and spaceheating. Households headed by older people tend to
choose fuelwood over cleaner energy fuels for
cooking and space-heating (Mothala et al. 2022).
This might be because of the perception that is
linked to the older household heads that cleaner

energy such as electricity, LPG and kerosene are not
user-friendly and too expensive, in comparison with
the traditional fuels (fuelwood, cow dung and
agricultural residues). However, Masekela and
Semenya (2022) reported that there is a statistically
insignificant relationship that exists between age of
the households and the energy fuels for waterheating and lighting.
3.4.3 Household size of the respondents
A chi-square test results indicated the value (X 2 =
11.075, df = 10, p > 0.05 for cooking; X2 = 7.736, df
= 10, p > 0.05 for space heating; and X2 = 9.032, df
= 5, p > 0.05 for water heating; and X2 = 2.354, df =
5, p > 0.05 for lighting) and shows there is
statistically insignificant relationship between
household size and the choice of energy source for
cooking, space and water heating, as well as
lighting. Additionally, Cramer’s V symmetrical
measure value (0.140, p > 0.05 for cooking; 0.117, p
> 0.05 for space-heating; 0.180, p > 0.05 waterheating; and 0.092, p > 0.05) revealed a weak
association between family size and the choice of
energy fuel for cooking, space heating, waterheating, and lighting purposes. However, larger
households are more likely to choose traditional fuel
(fuelwood) over cleaner energy for cooking, space
heating, water heating and lighting as compared to
smaller households (Semenya and Machete, 2019;
Wassie et al. 2021). This occurs maybe because
larger households always have enough human
resource or labour for traditional fuels collection, and
it is also associated with high energy demand that
forces them to choose dirty energy compared to
electricity
3.4.4 Education status of the respondents
A chi-square test results indicated the value X 2 =
8.361, df = 6, p > 0.05 for cooking; X2 = 1.595, df =
6, p > 0.05 for space heating; and X2 = 2.794, df = 3,
p > 0.05 for water heating; and X2 = 5.711, df = 3, p
> 0.05 for lighting. This results indicate that the level
of education is statistically insignificant in energy fuel
choice. The Cramer’s V symmetrical measure
(0.122, p > 0.05 for cooking; 0.053, p>0.05 for
space-heating; 0.100, p > 0.05 for water heating; and
0.143, p > 0.05 for lighting) indicate a weak
association between education level of the
respondents and the choice of energy source. This
finding is in agreement with the study undertaken by
Masekela and Semenya (2022), which reported a
statistically insignificant relationship between
education level of the respondents and the choice of
energy source for cooking, space heating, water
heating and lighting. However, a higher education
status of the household head is more likely to
increase a monthly income, and as a results, may
increase the probability of switching to cleaner
energy (Danlami, 2019; Uhunamure et al. (2017).
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Moreover, educated individuals are probably more
aware of the negative effects of fuelwood
consumption on human health, hence the switching
to more sustainable modern clean energy.
3.4.5 Monthly income of the participants
The chi- square value (X2 = 46.688, df = 8, p < 0.05
for cooking; X2 = 11.834, df = 8, p > 0.05 for space
heating; and X2 = 0.257, df = 4, p < 0.05 for water
heating; and X2 = 0.261, df = 4, p > 0.05 for lighting)
shows that there is a significant relationship between
monthly income of the respondents and the choice
of energy fuel for cooking. Furthermore, the test
shows that household monthly income is statistically
insignificant in choosing energy source for space
heating, water heating and lighting. Additionally,
Cramer’s V symmetrical measure (0.288, p < 0.05
for cooking; 0.145, p > 0.05 for space heating; 0.030,
p > 0.05 for water heating; p > 0.05 for lighting)
shows a moderate association between the
household income level and cooking fuel choices,
whilst showing a weak association between
household income level and space heating, water
heating, as well as lighting fuel choices. However,
Mothala et al (2022) reported that monthly income is
statistically significant in choosing the energy fuel for
cooking, space heating, water heating and lighting.
This implies that household with higher monthly
income is more likely to choose cleaner energy over
traditional fuels (fuelwood, cow dung, agricultural
residues etc.) as compared to the ones with low
income. In addition, based on the “Energy Ladder
Hypothesis”, households with higher monthly
income adopt cleaner energy (electricity, LPG and
kerosene) for cooking, space heating, water heating,
and lighting as compared with the ones with lower
monthly income (Duflo et al. 2008; Hassan et al.
2013; Van der Kroon et al. 2012). This means that
monthly income is correlated with the choice of
energy fuel.

4. Conclusions
The findings from this study indicated that the
majority of the households in Boshega village prefer
fuelwood as the major source of energy for cooking,
space heating, and water heating. The study
revealed
that
demographic
characteristics,
economic status and social variables are the key
driving forces of households’ energy choice in the
village and conformed to the propositions of “Energy
Ladder Hypothesis”. In light of that, the study found
that, age and low monthly income of the respondents
influenced the selection of fuelwood required for
cooking and space-heating, whilst gender,
household size and education status of the
respondents play a very little role in selection of the
energy fuel needed source. Furthermore, most of the
household occupants prefer three-legged stove
during burning of the fuelwood when preparing their

meal. Electricity is used as important energy source
for lighting and running other electrical appliances
such as radio, iron, fridges, just to mention a few.
Tree species such Mohwelere (Red Bushwillow (E),
Combretum apiculatum), Moswane (Mountain
Silver-oak (E), Brachylaena rotundata), Mothole
(Common Hook Thorn Tree (E), Senegalia caffra),
Mogotlho (Camel Thorn tree, Acacia erioloba),
Mosehla (African Blackwood (E), Peltophorum
africanum Sond) are predominantly preferred as the
essential sources of fuelwood required for cooking,
space and water heating. The study revealed that
the main reason of targeting these fuelwood species
is that, they generate long-lasting coal as compared
to other plant species present in the studied village.
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ABSTRACT
On 11 March 2020, the World Health Organization declared the highly infectious
COVID-19 as a global pandemic. To curb the spread of the virus, South Africa
instituted alert level 5 lockdown restrictions from 27 March 2020. These measures
halted most travel and only permitted essential services. This study investigates
the effect of COVID-19 on emissions of greenhouse gases and air pollutants from
transportation (road and aviation) in the Gauteng Province of South Africa.
Changes in magnitude and patterns of traffic were quantified using Google Mobility
and Tomtom travel data. Reductions in activity were observed for retail and
recreation (-72%), grocery and pharmacy (-48%) and workplaces (-69%). Only
residential areas saw increased activity compared to the pre-COVID baseline
(+36%). We estimated emissions from road and aviation transport from quarterly
fuel use (tier 1 approach). In quarter 2 of 2020, emissions of CO2, N2O, NOx, CO
and TSP from transport declined by 49%, 44%, 40%, 80% and 35% relative to the
2017-2019 baseline. Ambient NO2 concentrations have decreased widely across
Gauteng due to the drop in vehicle emissions. Levels of other pollutants are
influenced by other sources, both local and regional. In Vereeniging in the south
of Gauteng, concentrations of CO and black carbon increased, suggesting an
increase in a source like the residential burning of solid fuels. The findings of this
study indicate that permanent emission reduction measures are required for
meaningful improvements in air quality to be realised. These measures need to
consider emissions and chemical transformations of pollutants on an airshed scale
and need to guard against shutting down economic activity, which may
inadvertently increase air pollution in low-income residential areas. The work-fromhome practice imposed during the COVID-19 lockdown appears to be enduring
and will have positive implications for ambient NO2 levels during the morning and
evening rush-hours, when levels are traditionally highest.
Keywords: greenhouse gas emissions; air pollution emissions; vehicle emissions;
transport; COVID-19 lockdown
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1. Introduction
Climate change mitigation is a high priority for all nations as they attempt to attain the target of
maintaining global temperatures to an increment of between 1.5°C to 2°C of pre-industrial levels
(Hoegh-Guldberg et al., 2019). In 2020, the transport sector accounted for 25% of global greenhouse
gas emissions, with ~75% of the emissions emanating from road transport (Çakar et al., 2021). Direct
emissions from South Africa’s transport sector contribute approximately 10.8% of the country’s total
greenhouse gas emissions, making the transport sector the second highest emitting sector behind the
energy sector (Department of Transport, 2018).
Emissions from the transport sector also include air pollutants. In particular, oxides of nitrogen (NO x)
originate due to high temperature combustion in internal combustion engines; carbon monoxide (CO),
volatile organic compounds (VOCs) and soot are emitted due to incomplete combustion; and sulphur
dioxide (SO2) and heavy metals are emitted due to impurities in the fuels. Emissions of precursors like
CO and NOx also results in the formation of ozone (O3) in the presence of ultraviolet radiation during
the day. Tropospheric O3 is both a greenhouse gas and air pollutant. Being exposed to elevated levels
of air pollution poses health risks to humans, including chronic acute respiratory problems,
cardiovascular diseases, and carcinogenic illnesses (Banerji and Mitra, 2021). Furthermore, air
pollution is responsible for the premature deaths of nearly seven million people annually (World Health
Organisation, 2016).
On 11 March 2020, the World Health Organization made a declaration that the coronavirus disease
of 2019 (COVID-19) had reached pandemic status (Luke, 2020). The president of South Africa
announced the beginning of the national lockdown (alert level 5) on 27 March 2020 (Error! Reference
source not found.). The lockdown was aimed at containing the spread of COVID-19 by limiting contact
between people and as such, alert level 5 lockdown measures were designed to confine people to their
homes by restricting all travel except for essential work travel (Arndt et al., 2020). The reduction in
transport activity is expected to have resulted in both a reduction in emissions and an improvement in
ambient air quality but the change in emissions from transportation has not been quantified.

26 March -30 April
2020 (Alert level
5)

1 May – 31
May 2020
(Alert level
4)

1 June – 17
August 2020
(Alert level 3)

18 August – 20 21 September –
September (Alert 28 December
level 2)
2020 (Alert
Level 1)

Figure 1: COVID-19 lockdown alert levels in South Africa

The aim of this study is to understand how changes in road and aviation transport patterns due to
COVID-19 affect emissions of greenhouse gases and air pollutants in the Gauteng Province in South
Africa. Firstly, changes in mobility, traffic congestion and liquid fuel use during the COVID lockdown
were compared to pre-lockdown levels. Secondly, quarterly emissions of greenhouse gases and trafficrelated air pollutants were calculated based on quarterly fuel use. Thirdly, changes in ambient air
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pollution levels are quantified for two monitoring stations, one next to highways east of Johannesburg,
and another in the industrial area of Vereeniging in the south of Gauteng.

1.1

Literature review

Despite the fact that air pollution and climate change are two distinct phenomena, they are interlinked (Akhtar and Palagiano, 2018). The mining and combustion of fossil fuels are not only major
agents of climate change but also substantial producers of air pollutants (Ameyaw et al., 2019; Perera
et al., 2019). As a result, implementing measures to minimize emissions from fossil fuel combustion will
help to improve air quality and address climate change (Akhtar and Palagiano, 2018; Wood and Roelich,
2019).
1.1.1 Air quality, exposure and health impacts
Transportation is the world's fastest-growing source of fossil fuel CO2 emissions (Ayetor et al., 2021)
and is the largest contributor of NOx worldwide (Fan et al., 2018). Furthermore, the transport sector’s
share of global emissions of CO, PM10, PM2.5, volatile organic compounds (VOCs) and SOx ranges
between 13-57%.
Fumes released from engines, the quality of the fuel used, the combustion of oil as well as the quality
and age of exhaust treatment technology in vehicles are the main sources of emissions from the
transport sector (Wei et al., 2018). Dust is also generated from the interaction between road surfaces
and vehicles. The internal combustion engines that power motor vehicles operate using fuel combustion
processes that result in the release of criteria pollutants and these include NOx, SOx, CO, hydrocarbons
(HCs) in the form of non-methane volatile organic compounds (NMVOCs) and VOCs, CO 2 and
particulate matter (both <2.5 micrometres and <10 micrometres) as well as black carbon (BC) (Winkler
et al., 2018). The amount of these pollutants released is decreased by making vehicles more fuel
efficient (Winkler et al., 2018). Cars that use diesel emit significant amounts of BC and particulate matter
due to incomplete fuel burning (Kholod et al., 2016).
Being exposed to PM2.5 and O3 for prolonged periods results in impairments to heart and lung
functions as well as lung cancer, ultimately leading to untimely deaths (Chowdhury and Dey, 2018; Xie
et al., 2019). Being exposed to tropospheric O3 not only harms human health, but it also harms
vegetation, resulting in a significant drop in crop yield and quality, which in the future could affect food
security (Chowdhury and Dey, 2018). Air pollution is associated with a variety of respiratory disorders,
particularly for children, examples include impacts on lung functionality and asthma which are
associated with exposure to particulate matter, O3, SO2 and NOx. Ambient air pollution is responsible
for approximately 3.7% of all cardiopulmonary deaths in South Africa (Cairncross et al., 2018).

1.1.2 Implications of the COVID-19 lockdown for the transport sector
COVID-19 has presented a huge threat to global health. Many people's social and economic
activities changed as a result of government prevention measures combined with the impact of the
pandemic process brought on by the COVID-19 virus. Lockdowns that restrict people's mobility are one
of the most common government responses around the world. These lockdowns have resulted in a
unique situation in which people have drastically adjusted their daily life in terms of where they work
and how (and how often) they travel in a very short amount of time.

The COVID-19 lockdown has an impact on several sectors, including energy, transport,
manufacturing, and residential buildings (Krarti and Aldubyan, 2021). Lockdowns negatively affected
people’s mobility especially for rail and aviation transport, whereas road transportation was less
affected. For road transport in Turkey, usage behaviour switched from public transport to more people
using privately owned cars (Gürbüz et al., 2021). Research conducted in the two Spanish cities of
Barcelona and Madrid found that the amount of traffic in the two cities decreased by 75% due to the
COVID-19 lockdown (Baldasano, 2020). Similar reductions in traffic were observed in Somerville,
United States of America (Hudda et al., 2020); Hyderbad in India (Eregowda et al., 2021); London,
Milan and Madrid (Collivignarelli et al., 2021); and Portugal (Gama et al., 2021).
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According to the Global Carbon Project (2020), carbon emissions decreased by 7% in 2020, with
road transport emissions being reduced by 10% and aviation emissions by 40%. In Turkey, emissions
of CO2, CH4 and N2O decreased during lockdown by between 10% and 40% relative to the preceding
three years (Gürbüz et al., 2021) Eregowda et al. (2021) and Camargo-Caicedo et al. (2021) evaluated
the greenhouse gases listed above, and their findings indicate a 54% decline in CO 2 from road transport
in the Indian city of Hyderabad, and a 28% decline in Bogota, Columbia. For N2O, Camargo-Caicedo
et al. (2021) found a 17% decrease for the first six months of 2020 when compared to the same period
in 2018 in Bogota, Columbia. CH4 emissions for the same period declined by 20% for the same period
(Camargo-Caicedo et al., 2021). These studies all indicate reductions in greenhouse gas
concentrations for the lockdown period in comparison to pre-COVID years.

Due to the significant decreases in traffic observed during the COVID emergency condition, it is
possible to assess the contribution of the road transport sector to pollutant concentrations measured in
traffic sites (Gürbüz et al., 2021). Most of the reviewed studies found a reduction in NO x concentrations.
NOx concentrations reduced by 21% during the strict lockdown level, as compared to the same period
in 2019 in Beijing (Cao et al., 2021). Furthermore, in Hyderabad in India, a 38% reduction in NO x
concentrations was observed during the lockdown period (Eregodwa et al., 2021). Jia et al. (2021)
collected data from 361 cities across China in the context of nationwide traffic restrictions due to the
COVID-19 pandemic and compared concentrations post-traffic control with pre-traffic control. They
found a substantial reduction of 40.5% in NO2 concentrations from road traffic which was the largest
decrease of the numerous air pollutants measured.

A significant reduction in SO2 emissions from road traffic is reported in all the studies that were
reviewed. The reductions range from 13% across 361 Chinese cities (Jia et al., 2021), to 19% in Bogotá
(Camargo-Caicedo et al., 2021), to 43% in Shanghai (Wu et al., 2021), to 50% in Hyderabad (Eregowda
et al., 2021), to 52% in Hong Kong (Huang et al., 2020), to 75% in the Yangtze River Delta of China
during Level 1 and 50% reduction during Level 2 (Li et al., 2020). Chen et al. (2021) also indicates a
decrease in SO2 emissions between August 2019 and February 2020 in 49 Chinese cities, as do Gu et
al. (2021), based on a Shanghai study. Whilst Gao et al. (2021) indicate significant decreases in SO 2
emissions in Beijing, Shanghai and Guangzhou during the strict lockdown compared to pre-COVID, in
Wuhan, SO2 emissions were similar during strict lockdown compared to pre-COVID and then increased
slightly in April 2020. The authors explain this through high SO 2 emissions from adjacent cities (Gao et
al., 2021).
Regarding fine particulate matter, usually secondary pollutant, Jia et al. (2021) report an average
reduction of 15.2 μg/m3 for PM2.5 across 361 cities in China during the traffic control period compared
to the pre-traffic control period. A 31% reduction for PM10 was observed. In Shanghai, there was a 35%
reduction in PM2.5 concentrations during strict lockdown (23 January to 9 February 2020) and 29%
reduction during partial lockdown (10 February to 23 March 2020) compared to the same periods in
2018 and 2019, based on roadside measurement, (Wu et al., 2021).

While almost all studies show a decline in ambient pollution concentrations during times of travel
restrictions, measurements of ground-level O3 show a different trend. There were increases in O3
concentrations of ~106% in Bogota, 72% in Hong Kong, 52% in Oran, 70% in Bangkok, 36% in Nanjing
and 30% in Shanghai (Camargo-Caicedo et al., 2021; Huang et al., 2020; Rahal et al., 2020;
Dejchanchaiwong and Tekasakul, 2021; Wang et al., 2021; and Wu et al., 2021). These increases may
be attributed to the reduction in NOx emissions from the transport sector since NO aids the degradation
of O3 (Rahal, 2020).

2. Data and methods
This study focuses on the effect of COVID-19 on emissions from the transportation sector (road and
aviation transport) in the Gauteng province of South Africa. Gauteng has several large metropolises
including Johannesburg, Tshwane (Pretoria) and Ekurhuleni. Gauteng is South Africa’s smallest but
most populous province and has the highest GDP per capita of all the provinces.
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Activity datasets (Google COVID-19 Community Mobility Reports (Google LLC, 2020) and Tomtom
data) were analysed to compare changes to people’s movements and traffic activity before and during
the lockdown. Google mobility data is gathered by monitoring people’s movements to workplaces,
shopping centres and various public places relative to a baseline period from 3 January – 6 February
2020. The temporal resolution for the data is 24-hours and the data is available at a provincial scale.
Tomtom provides traffic congestion data obtained from Tomtom device users and is collected for 24
hours, every day in Johannesburg and Pretoria (https://www.tomtom.com/en_gb/). The baseline travel
times for every city are determined by analysing the amount of time taken to travel from location to
location by all vehicles in the city’s road network. The difference in travel times that occur due to traffic
are then determined by analysing how much longer it took to travel from point to point. For the analysis,
January 2017 to end March 2020 (lockdown started on 27 March 2020) is the baseline period for
conditions prior to the COVID lockdown. The COVID lockdown period is April-December 2020 (although
lockdown restrictions continued into 2021).
Emissions of greenhouse gases and air pollutants from transport were calculated using the Tier 1
method, based on quarterly liquid fuel (diesel, petrol, and jet fuel) sales obtained for the province from
the Department of Energy (http://www.energy.gov.za/files/energyStats_frame.html) and emission
factors from the EMEP/EEA Air Pollutant Emission Inventory Guidebook 2016 (Table 1):
𝐸𝑖 = ∑ ∑ (𝐹𝐶𝑗,𝑚 × 𝐸𝐹𝑖,𝑗,𝑚 )
𝑗

𝑚

where

Ei = emission of pollutant i (g),
FCj,m = fuel consumption of vehicle category j, using
EFi,j,m = emission factor of pollutant i for vehicle category j and fuel m (g/kg)
It was assumed that 70% of diesel and petrol is used by the transport sector (Ratshomo and
Nembahe, 2017).

Table 1: Emission factors from the EMEP/EEA Air Pollutant Emission Inventory Guidebook 2016 used for
the calculation of emissions from road traffic in Gauteng
Fuel

CO2

N2 O

NMVOC

NOx

TSP

CO

kg/kg
fuel

g/kg fuel

g/kg fuel

g/kg fuel

g/kg fuel

g/kg
fuel

Petrol

3.18

0.059

131.4

6.64

2.2

497.7

Petrol

3.18

0.206

10.05

8.73

0.03

84.7

Diesel

3.14

0.087

0.7

12.96

1.1

3.33

Petrol

3.18

0.186

14.59

13.22

0.02

152.3

Diesel

3.14

0.056

1.54

14.91

1.52

7.4

Diesel

3.14

0.051

1.92

33.37

0.94

7.58

Motorcycles
Passenger
cars
Light duty
vehicles
Heavy duty
vehicles

Fuel used per vehicle class was partitioned using the vehicle fleet composition for Gauteng in 2020
obtained
from
the
National
Traffic
Information
System
(https://www.natis.gov.za/index.php/statistics/live-vehicle-population/live-vehicle-population-2020) and
monthly vehicle kilometres travelled. Vehicle kilometres travelled for the Gauteng vehicle fleet is only
available
from
the
Road
Traffic
Management
Corporation
(https://www.rtmc.co.za/index.php/publications/reports/traffic-reports) until 2008. It was assumed that
the average annual kilometres travelled by a vehicle in a certain category has not changed since 2008.
The average fuel consumption (l/km) by vehicle class for each fuel type was obtained from Merven et
al (2012).
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To evaluate changes in ambient air quality concentrations, data is obtained from the South African
Air Quality Information System (SAAQIS). Sites were selected for this study based on the availability of
sufficient data, since many sites could not be maintained properly during the lockdown. Two sites were
selected: Bedfordview, situated at the intersection of the N3 and N12 highways east of Johannesburg,
and Three Rivers, in a suburb of Vereeniging in the south of Gauteng. The Bedfordview station is well
suited to measure emissions from vehicles. The Three Rivers Monitoring Station is influenced by
emissions from vehicles, Lethabo Power Station, industries in Vanderbijlpark and Vereeniging and
domestic burning in low-income settlements as well as local vehicle traffic. For this study, pollutants
originating from transport (NOx, SO2, O3, CO and BC) were considered. Only parameters with data
availability percentages of at least 60% were used. Important criteria pollutants such as particulate
matter were excluded due to poor data availability.

3.
3.1

Results and discussion
Implications of the COVID-19 lockdown for road traffic magnitude and patterns

There was a drop in mobility to almost all public places of between 40% and 80% in April 2020,
when South Africa imposed alert level 5 lockdown (1). Activity levels began to increase as lockdown
restrictions were eased, but only grocery shops and pharmacies saw a return to pre-COVID levels by
December 2020. The notable exception to this trend occurred in residential areas, where mobility
increased by 36% in April 2020 due to the stay-at-home directive.
A 72% decrease in travel to retail and recreational areas (Figure 2a) was observed in April 2020
during the alert level 5 lockdown and a 48% decrease was observed in May 2020 during the alert level
4 lockdown, compared to the baseline period. Grocery and pharmacy areas (Figure 2b) had a
comparatively lower decline in activity levels with a 48% decrease observed during alert level 5
lockdown. There seems to have been a preference for visiting shops closer to home – the Gauteng
City-Region Observatory’s (GCRO) Quality of Life (QoL) survey for 2020 found that of the respondents
that cited shopping as their most frequent reason for travel, 48% only travelled between 0-15 minutes
to their shopping destinations (Maree et al., 2021). Travel to grocery and pharmacy shops normalised
towards the end of 2020. Activity levels to these areas in October, November and December 2020
increased by 0.3%, 2% and 5.3% above baseline levels respectively during the alert 1 level lockdown.
Activity around the workplace (Figure 2c) decreased drastically during the level 5 lockdown when
almost all economic activity except for essential services ceased. Mobility levels dropped 69% below
the baseline in April 2020 and increased steadily to around 16% below the baseline in November 2020
before declining to 32% below the baseline in December 2020 (during the South African Christmas
break from 15 December). In residential areas (Figure 2d), an inverted trend was observed. In April
2020, activity levels in residential areas were 36% above baseline levels and residential activity levels
remained above the baseline throughout the year as working from home was normalised.
These changes in activity levels are consistent with observations in Portugal (Gama et al., 2021)
and in Bogota, Columbia (Camargo-Carcedo et al., 2021). For the Gauteng region, these findings are
consistent with the GCRO’s Quality of Life Survey for 2020, where 35% of respondents stated that they
changed their grocery buying habits and 92% of the respondents avoided indoor public spaces and
gatherings (Maree et al., 2021).
The changes in personal mobility translated into changes in congestion levels on Gauteng’s roads
in 2020 (
Table 2). Average congestion levels dropped moderately in April 2020 under the most restrictive
lockdown conditions, by 23% in Pretoria and 28% in Johannesburg. Average congestion levels slowly
moved towards normal through the year, and even returned to pre-COVID levels in Pretoria by
December 2020. Congestion levels in rush hour dropped much more dramatically, by over 90% in both
Figure 2: Changes in mobility in a) retail and recreation locations, b) grocery stores and pharmacies, c) workplaces, and d) residential
areas, compiled from Google Mobility data. Monthly changes are relative to the baseline period from 3 January to 6 February 2020.

Pretoria and Johannesburg in April 2020. The change in rush-hour congestion likely reflects the change
to working and studying from home. Even by December 2020, rush-hour congestion levels were still
around 50% lower than in the preceding year.
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Table 2: Percentage change in congestion levels on average, in the morning rush hour and in the late
afternoon rush hour in Pretoria and Johannesburg in 2020 relative to 2019 (compiled from TomTom data).
A 20% congestion level, for example, means that a trip will take 20% percent longer than it would in the
absence of congestion.
Pretoria

Johannesburg

Month

Average
congestion

Morning
rush hour

Afternoon
rush hour

Average
congestion

Morning
rush hour

Afternoon
rush hour

January

2%

1%

4%

1%

2%

-2%

February

1%

5%

1%

0%

0%

2%

March

0%

6%

-11%

-2%

-11%

-15%

April

-23%

-94%

-91%

-28%

-97%

-93%

May

-16%

-85%

-76%

-22%

-88%

-80%

June

-7%

-69%

-55%

-13%

-75%

-65%

July

-13%

-75%

-64%

-17%

-77%

-69%

August

-12%

-67%

-59%

-16%

-69%

-61%

September

-8%

-49%

-49%

-12%

-56%

-55%

October

-8%

-47%

-42%

-13%

-53%

-49%

November

-6%

-32%

-37%

-12%

-41%

-46%

December

5%

-49%

-29%

-10%

-50%

-48%

3.2

Changes in emissions from transport

The results presented in the previous section demonstrate that personal mobility and traffic patterns
were affected by COVID-19 and the associated restrictions to movement. The following section
presents the related changes to emissions of greenhouse gases (CO 2 and N2O) and air pollutants (NOx,
CO, total suspended particulates (TSP)) from the transport sector.

a) CO2 emissions
7

CO2 emissions (Mt)

6

lockdown starts

2017-2019 average

5
4
3
2
1
0
2017 2017 2017 2017 2018 2018 2018 2018 2019 2019 2019 2019 2020 2020 2020 2020
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Petrol

Diesel
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Jet fuel

b) N2O emissions
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c) NOx emissions
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TSP emissions (Mt)

e) TSP emissions
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Figure 3: Estimated quarterly emissions of a. CO2; b. N2O; c. NOx; d. CO and e. total suspended
particulates (TSP) from the transport sector (road and aviation transport) between January 2017 and
December 2020, calculated from fuel use.

Emissions of all compounds were significantly affected by the COVID-19 lockdown. There was a
49% decline in CO2 emissions in quarter 2 (Q2) of 2020 compared to the 2017-2019 average (Figure
3a). 4.9 Mt of CO2 was emitted by the transport sector in Gauteng in 2020 compared to 5.65 Mt, 6.06
Mt and 6.30 Mt emitted in 2017, 2018 and 2019 respectively. These results are similar to the findings
of Gürbüz et al. (2021) in Turkey, Camargo-Caicedo et al. (2021) in Columbia and Eregowda et al.
(2021) in India. N2O emissions (Figure 3b) decreased by 44% in Q2 of 2020 compared to the 20172019 average and the total amount of N2O emitted in 2020 was 0.59 Mt compared to 0.74 Mt (2017),
0.74 Mt (2018) and 0.76 Mt (2019). During the first half of 2020 compared to the same period in 2018,
Camargo-Caicedo et al. (2021) found a 71% reduction in N 2O emissions in April 2020 after the
implementation of vehicle restrictions in Bogota, Columbia.
NOx emissions from Gauteng’s transport sector decreased by 40% in Q2 of 2020 compared to the
2017-2019 average (Figure 3c). In 2017, 2018 and 2019 a total of 102.8 Mt, 105.5 Mt and 111.2 Mt of
NOx was emitted respectively compared to 88.31 Mt emitted in 2020. An 80% decrease in CO emissions
was recorded in Q2 of 2020 compared to the 2017-2019 average (Figure 3d). This decline in CO
emissions is mainly a result of the drastic decrease in air travel. Similarly, Li et al. (2020) found that
vehicle-related CO emissions decreased by 75% in the Level 1 response period and 50% in the Level
2 response period and CO emissions from aircraft decreased by 80% in Level 1 and 60% in Level 2 in
the Yangtze River Delta Region. Eregowda et al. (2020) in their study in Hyderbad India found a 61%
reduction in vehicle related CO emissions. For TSP emissions (Figure 3e) which were calculated only
for road transport, a 35% decrease was recorded in Q2 of 2020 compared to the 2017-2019 average.
Diesel engines are by far the largest transport source of TSP.

3.3

Changes in ambient air quality concentrations

At a roadside ambient air quality monitoring station in Johannesburg, Bedfordview, a marked drop
in CO concentrations and a moderate drop in NO2 concentrations was observed during the COVID
lockdown in 2020 (Figure 4). There was no clear change in SO2 concentrations, which is to be expected
since vehicles are not significant sources of SO2.
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Figure 4: Ambient concentrations of NO2, SO2 and CO monitored at the Bedfordview roadside monitoring
station in 2019 and 2020

A 19% decline in annual average NO2 concentrations was recorded in 2020 compared to 2019
((Figure 4a). There was a 55% decrease in NO2 concentrations in April 2020 compared to the same
period in 2019. There were similar observations at roadside monitoring stations in Bangkok, Thailand
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where Dejchanchaiwong and Tekasakul (2021) found a reduction in NO 2 concentrations of 23.5%, and
in Hong Kong where Huang et al. (2020) found a reduction in monthly NO2 emissions of between 1%
and 28% in January to April 2020 relative to the same months in 2017-2019.
For SO2 concentrations (Figure 4b), a 15% decline in annual average concentrations was recorded
in 2020 compared to 2019. In April 2020 an 8% decline was observed when compared to the same
period in 2019. However, an increase of 12% was observed in June and July 2020 compared to the
same period in 2019. Similar reductions in ambient SO2 concentrations were observed in 361 cities in
China (13%) and in Bogota, Columbia (19%) (Jia et al., 2021; Camargo-Caicedo et al., 2021). Larger
reductions in SO2 concentrations were observed in Shanghai, China (43%) (Wu et al., 2021); in
Hyderabad, India (50%) (Eregowda et al., 2021); in Hong Kong (52%) (Huang et al., 2020); and in the
Yangtze River Delta of China (75% during Level 1 and 50% reduction during Level 2) (Li et al., 2020).
A 32% drop in annual average CO concentrations was recorded in 2020 compared to 2019 (Figure
4c). A 53% increase in monthly CO concentration was recorded in March 2020 compared to the same
period in 2019 possibly because of the travel rush which occurred as people shopped and travelled to
with family outside of Gauteng immediately after the announcement of lockdown. Average
concentrations in April 2020 dropped 74% below 2019 average concentrations for the same period.
Large drops in ambient CO concentrations were also observed during lockdowns in Hyderabad, India
(61%) (Eregowda et al., 2021); in the Yangtze River Delts in China (Li et al., 2020); and in at road sites
in Bangkok, Thailand (8.3%) (Dejchanchaiwong & Tekasakul, 2021).
At the Three Rivers monitoring station in Vereeniging, the annual average NO2 concentration was
34% lower in 2020 than in the baseline period (2018 to 2019) (Figure 5a). Vehicle emissions are highly
likely to be the main source of NO2 emissions in this area. A 66% decrease in NO2 concentrations was
observed in April 2020 compared to the 2018 and 2019 average for April, due to the drop in traffic
accompanying the alert level 5 lockdown.
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Figure 5: Ambient concentrations of a. NOx, b. CO, c. SO2, d. BC and e. O3 recorded at the Three Rivers
monitoring station in Vereeniging from 2018-2020.

Contrasting with the drop in ambient NO2 concentrations, annual average CO concentrations
increased by 42% in 2020 relative to 2018 and 2019 (Figure 5b). A 5% decrease in CO concentrations
was observed in April 2020 (alert level 5 lockdown) when most economic activity was halted except for
essential services, compared to the April 2019 average. These observations suggest that vehicle
emissions are not the main source of CO in Three Rivers, and that other sources of CO increased in
2020. The domestic burning of solid and liquid fuels in low-income residential areas is one possible
source of CO. Studies in other parts of the world tend to show a decrease in CO concentrations during
lockdown (for example, Wang et al. (2021) in Nanjing, China found a 44.9% decrease in CO
concentrations and Chen et al. (2021) found a 10.1% decrease in 49 cities in four Chinese provinces),
supporting the suggestion that other sources of CO emissions increased near Three Rivers.
Sources of SO2 in Three Rivers include the Lethabo coal-fired power station approximately 10 km
south of the monitoring station, industrial activities in Vanderbijlpark and Vereeniging, domestic coal
combustion and diesel engines. Average ambient SO2 concentrations in Three Rivers were marginally
higher (7%) during the 2020 lockdown than in the preceding two years (Figure 5c). However, a 42%
decrease was observed in April 2020 when compared to the April 2018 average concentration, and SO2
levels were higher in the winter of 2020 (June-August) than in preceding years. The drop in economic
activities probably accounts for the steep drop in SO 2 concentrations in April 2020. The cold ambient
temperatures, stable atmospheric conditions in winter and potentially greater home heating
requirements due to people staying at home perhaps explain the higher SO2 concentrations in the winter
of 2020. The increase in SO2 concentrations at Three Rivers during lockdown is contrary to the results
from most international studies, which indicate decreases in SO 2 levels of between 13% and 52% (Jia
et al., 2021; Camargo-Caicedo et al., 2021; Wu et al., 2021; Eregowda et al., 2021; Huang et al., 2020).
BC concentrations were almost 50% lower in April 2020, when lockdown started, than in the
preceding years (Figure 5d). However, from June 2020 BC concentrations increased relative to the
preceding years as lockdown restrictions were eased and as residential fuel burning increased for
heating purposes. Incomplete combustion, that occurs during veld fires and domestic burning, is the
main source of BC. Industrial sources such as coal-fired power stations are not the main contributors
of BC but their contribution is nevertheless significant (Chiloane et al., 2017). Li et al. (2021) also found
a 40-50% reduction in BC concentrations in the Yangtze region in China during lockdown, and there
too BC concentrations began to increase as economic activity resumed.
There are no clear trends in O3 concentrations during the 2020 lockdown (Figure 5e). O3
concentration levels in April 2020 were 8% above April 2018 levels, however, April 2020 concentration
levels were 12% lower than April 2019 levels. The monthly average in 2020 was 0.5% below the preCOVID lockdown average (2018-2019). This is in stark contrast to studies in in the Northern
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Hemisphere which found pronounced increases in O3 concentrations, of ~106% in Bogota, 72% in Hong
Kong, 52% in Oran, 69.6% in Bangkok, 35.7% in Nanjing, 30% in Shanghai (Camargo-Caicedo et al.,
2021; Huang et al., 2020; Rahal et al., 2020; Dejchanchaiwong and Tekasakul, 2021; Wang et al., 2021;
and Wu et al., 2021). These international findings are contrary to the expected trend for titration
processes where a decrease in NOx concentrations leads to an increase in ground-level O3 (Rahal,
2020). It is worthy to note, however, that the formation of O3 has a complicated and non-linear reliance
on precursor emissions (Laban et al., 2018). In the Northern Hemisphere, the increase in O3 levels
occurring in conjunction with the decline in NOx concentrations were only mainly recorded in spring
(September-October 2020). The O3 titration process is enhanced by hot weather conditions and
sunlight, hence the increased concentrations in the warmer spring months (Laban et al., 2018).
Considering that the level 5 lockdown included restrictions to economic activities, this suggests that
non-transport emissions from industries within the Vaal Triangle Airshed Priority Area region and
domestic fuel burning contribute significantly to the air pollutant concentrations within the Three Rivers
region. Therefore, efforts to improve air quality need to be focused on emissions from all sources of
emissions to affect overall air quality levels.
These findings indicate that the COVID-19 lockdown in South Africa had a significant impact on
emissions from the transport sector, with the alert level 5 lockdown having the most significant impact.
Emissions increased gradually again as lockdown restrictions eased. Ambient concentrations
monitored at the Bedfordview monitoring station were consistent with the reduction in emissions from
road transport. At the Three Rivers monitoring station however, the action of other factors on ambient
air quality levels was highlighted where the initial alert level 5 lockdown was consistent with findings in
literature however as economic activities resumed and meteorological conditions changed, pollutant
concentrations increased and, in some cases, even beyond baseline levels.

4. Conclusions
This study has shown that the COVID-19 lockdown affected people’s mobility and associated
emissions of greenhouse gases and air pollutants during 2020 in the Gauteng province. This is
evidenced by the decreased activity in and around retail and recreation areas, grocery shops,
pharmacies and workplaces, and increased activity in residential areas. The overall decreased mobility
resulted in decreased congestion levels of around 90% in Johannesburg and Pretoria, particularly
during the traditional morning and evening rush hours. The short-term effects of the COVID-19
lockdown on emissions from the transport sector were pronounced and evidenced by the reduction in
emissions for all the studied greenhouse gases and pollutants. In the second quarter of 2020, CO2
emissions were 49% lower, N2O emissions were 44% lower, NOx emissions were 40% lower, CO
emissions were 80% lower and TSP emissions from road transport were 35% lower than the 2017-2019
average.
At a roadside monitoring station in Johannesburg where vehicle emissions are one of the main
sources of pollution (Bedfordview), there were pronounced drops in ambient NO2 and CO
concentrations from the start of the alert level 5 lockdown in April 2020. In a residential suburb of
Vereeniging in the south of Gauteng (Three Rivers), a drop in ambient NO2 concentrations was
observed during the lockdown but there were increases in ambient concentrations of CO and BC. It is
postulated that other sources of air pollution increased during the lockdown. Residential burning is a
likely source, given the economic distress experienced by many households which would have
necessitated the use of cheaper fuels, and more people staying at home, requiring more space heating
in the winter. The increase in O3 concentrations observed in other parts of the world during lockdown
was not observed in Vereeniging, again probably due to changes in precursor emissions and the fact
that lockdown restrictions were highest in autumn and winter when ultraviolet radiation, needed for O 3
formation, is lower.
This study was limited by the lack of availabilty of key datasets. Poor data availabilty at most ambient
air quality monitoring stations in Gauteng and inadequate monitoring of particulate matter restricted
analysis of the effects of changes in transport emissions on ambient air pollution levels. Vehicle
kilometres travelled data, needed for the calculation of air pollution emissions from road transport, was
only available until 2008 and could not be obtained from the eToll gantries on Gauteng’s highways.
Airports’ flight data was inaccessible despite being requested by the authors, and calculation of
emissions from aviation transport was confined to tier 1 calculations. Moreover, limitations in available
data meant that other interesting changes in transport patterns during the lockdown could not be
explored. Given results of studies conducted elsewhere, it is likely that private cars were preferred to
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public transport such as the Gautrain, buses or minibus taxis. Furthermore, there have been
suggestions that private car mileage reduced more than heavy duty vehicle mileage, given that goods
were still transported during the lockdown. Unfortunately vehicle occupancy data and vehicle mileages
were not available.
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The deposition of dust from mineral sources is considered important in transporting micro
and macronutrients (especially iron (Fe), nitrogen (N), and phosphorus (P)) to ocean
regions. Iron (Fe) is deemed to limit the growth of phytoplankton in high nutrient low
chlorophyll (HNLC) regions of the ocean. One of these regions is the Benguela upwelling
system, located along the west coast of South Africa and Namibia. Iron is mainly
transported to the ocean from island margins, continental shelves, and ocean plateaus
with the highest supply where the HNLC region is situated downwind from the continental
mineral source. This study aimed to determine the typical fraction of Fe in the ambient
particulate matter (PM) at Henties Bay, Namibia and to investigate Fe transportation to
the Benguela region through aerosol measurements taken at a specific time and selected
site which is surrounded by mineral dust sources such as Omaruru, Kuiseb, Huab, and
Tsauchab at the Henties Bay. The aerosol concentrations (0-105 ɥg/m3 with a mean
value of 17±15 ɥg/m3) were monitored with two E-samplers. The Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model was used to investigate the longrange atmospheric transport of air masses transported to Henties Bay during certain
episodes identified from hourly-averaged PM data. The HYSPLIT back-trajectory
analysis was conducted at a height of 250 m each day during the 2-week sampling
period, for 72 hours. The daily Fe % was higher in PM2.5 aerosols and were observed
when air masses were transported from mineral dust sources surrounding the site and
from the Makgadikgadi pan region.
Keywords: Dust, Iron, Phytoplankton, Benguela, HNLC

1. Introduction
Dust deposition is vital in transporting trace
metals, micro and macro nutrients such as iron (Fe),
nitrogen (N) and phosphorus (P) to the ocean
surface (Baker et al., 2006). These nutrients are key
drivers of primary oceanic productivity as they
influence the growth of phytoplankton and
consequently the carbon cycle (Jickels et al., 2005).
The Benguela current forms part of the Southern
Ocean high nutrient low chlorophyll (HNLC) zone
which is characterised by lower biological
productivity than what is commonly expected for
common nutrient conditions at the surface (Fuji et al.,
2005).
The Fe concentrations are a limiting agent of
primary productivity in numerous oceanic regions

and have been postulated to limit productivity of
phytoplankton in the HNLC zones (Fung et al., 2000;
Franck et al., 2003; Boyd et al., 2007). Moreover, Fe
is important for the growth of oceanic biota although
prevalent uncertainties remain on its specific role in
the biogeochemical cycle (Mahowald et al., 2009;
Dansie et al., 2017b). Given the high insolubility of
Fe in seawater, it is likely to be removed from the
oceans through abiotic scavenging and biological
uptake processes (Anderson et al., 2016). The
access to Fe by organisms such as phytoplankton
mainly depends on the input from major continental
mineral aerosol sources. The atmospheric
transportation of Fe from soil dust sources has been
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Figure 1. Location of Sam Nujoma campus and important Namibian dust sources of Fe
.
the most probable main input pathway of the nutrient
to the remote deep ocean. Although inputs of Fe
from riverine systems are large, they are rapidly
removed (Jickells et al., 2005).
The sources of dust generally comprise
anthropologically induced land surfaces, desert and
semi-arid desert areas, and ephemeral dry lakes or
riverbeds (Mahowald, 2003). An estimated 95% of
the global atmospheric Fe budget originates from
mineral aerosols/desert dust (Mahowald et al.,
2009). Globally, mean annual emissions of dust
range from 500-5000 million t/yr of which an
estimated 300-500 million tons are transported to the
oceans (Arnalds et al., 2014). Most Fe is transported
to the remote ocean from fluvial sources (Poulton &
Raiswell, 2002). The second largest source of
nutrients to the ocean is aeolian dust transportation
and deposition (Jickells et al., 2005; Mahowald et al.,
2008). The major global source of aeolian dust
transportation to the ocean has been identified as
ephemeral lakes found in arid and semi-arid
localities (Prospero et al., 2002).
In Southern Africa, these sources include
Makgadikgadi (located in Botswana) and Etosha
(located in Namibia) pans (Mahowald et al., 2005).
These sources have been hypothesised as possibly

significant for the fertilisation of the adjacent ocean
(Piketh et al., 2000). The other important Southern
African dust sources comprise the Kuiseb, Huab,
Tsauchab, and Omaruru ephemeral riverbeds
(Dansie et al., 2017a). Remote sensing research
have revealed that these riverbeds are important
emitters of dust in the Namibian region (Eckardt &
Kuring, 2005; Vickery & Eckardt, 2013; Vickery et al.,
2013). These riverbeds are rich in N, P and Fe
sediments (Jacobson et al., 2000; Jacobson &
Jacobson, 2013) and suggests that they may be
playing a noteworthy fertilisation role of
phytoplankton in the adjacent Benguela upwelling
region (Dansie et al., 2017a).
Aerosol
measurements
are
continuously
monitored at the Henties Bay Aerosol Observatory
where long-term measurements of aerosol
concentrations and their chemical composition have
been reported (Klopper et al., 2020). However, this
previous work focused on source contributions with
no particular interest in a certain element. Therefore,
this paper builds on the work done by presenting the
typical Fe% in ambient aerosols over Henties Bay.
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2. Methods
2.1

Aerosol Sampling

Concentrations of PM were sampled at the
University of Namibia’s Sam Nujoma campus
(S22°5’43.944”; E14°15’9552”) during 15-29 July
2019 (Figure 1). Initially, the concentrations were
sampled as part of a mesocosm study to compare to
a mesocosm that was subject to direct atmospheric
inputs of aerosols (the mesocosm was uncovered
and not controlled) (Figure 2). The campus is located
right next to the Omaruru riverbed, southwest of
Etosha pan and Huab riverbed, and northwest of
Kuiseb and Tsauchab riverbeds. The sampling was
done by concurrently operating two E-samplers (one
to continuously measure particulate matter of 2.5 ɥm
in size (PM2.5) and the other particulate matter of 10
ɥm (PM10) in 15-minute intervals (Figure 2) at a flow
rate of 2 L/min. Aerosol samples were also collected
on mixed cellulose ester membrane filters (47 mm)
with 0.8 ɥm pores every 24 hours (14 samples for
each size fraction).
These samples were analysed by Wavelength
Dispersive X-Ray Fluorescence (WD-XRF) to yield
the % of Fe in the detected elemental mass. The
WD-XRF detected a total of 49 elements: K, P, Cl,
Ca, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br,
Rb, Sr, Y, Zr, Nb, Mo, Pd, Ag, Cd, In, Sn, Sb, I, Ba,
Ce, W, Pt, Au, Hg, Tl, Pb, Bi, Fe, Li, Na, Mg, Al, Si,
S, Sc, Te, and Cs.

region (Klopper et al., 2020). The height of 250 m
also falls in the range of the first and second vertical
levels in the model, which is at 1000 hPa (~110 m
amsl) and 975 hPa (~300 m amsl). To model these
trajectories, the Global Data Assimilation System
(GDAS) reanalysis dataset was used. The data has
a resolution of 1° x 1° and is provided by the National
Centre for Environmental Prediction (NCEP). The
modelling was done in the Rstudio interface for
windows by utilising the rich_iannone/splitR and
Openair packages from the open-source libraries
(splitR available from https://github.com/richiannone/SplitR; Carslaw & Ropkins, 2017).

3. Results and Discussion
3.1

Aerosol Concentrations

The hourly averaged time series of PM2.5 and
PM10 concentrations during 15-29 July 2019 are
shown in Figure 3. PM2.5 concentrations ranged from
0-105 ɥg/m3 with a mean value of 17±15 ɥg/m3. PM10
concentrations ranged from 0-239 ɥg/m3 with a
mean value of 39±36 ɥg/m3. Three low aerosol
episodes were observed during 15-16 July, 22-24
July, and 27-28 July. On the other hand, two high
aerosol episodes were observed between 17-21 July
and 25-26 July.

Figure 2. E-samplers (on tripod stands) used
to measure PM2.5 (left) and PM10 (right).
Uncovered mesocosm at the back, to the left
of the 4 covered ones.

2.2

HYSPLIT Back Trajectory Analysis

The National Oceanic and Atmospheric
Administration’s (NOAA) Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model
was used to run back-trajectories corresponding to
our sampling times (Stein et al., 2015). For the twoweek sampling period, 72-hour long backtrajectories were run, starting once every hour in the
24 hours when each filter was being sampled. The
back-trajectories were started at 250 m above
ground level, to efficiently model the transport of air
masses into the marine boundary layer, which has a
minimum height of about 500 m over the Namibian

Figure 3. Observed hourly averaged PM2.5
and PM10 concentrations (ɥg/m3) time-series
during the sampling period.
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than the mean of 0.8% except for outliers. The
highest Fe %, an outlier, was 4% and was sampled
in a PM2.5 filter between 26 and 27 July during a high
aerosol episode. Note that this was not when the
highest aerosol concentrations were observed
during the study period. Although the highest aerosol
concentrations were observed on 17 and 18 July, the
higher Fe % on 26 and 27 July suggest a dominant
contribution from mineral dust sources as they
account for 95% of ambient Fe concentrations
(Mahowald et al., 2009).

Figure 4. Average diurnal concentrations of
PM2.5 (red) and PM10 (blue) (ɥg/m3) observed
during the sampling period.

The diurnal variation in PM2.5 and PM10
concentrations show two peaks coinciding at 6 am
and around 7 pm. A similar diurnal pattern was
observed at a coastal site in China where there is a
dominant influence from anthropogenic activities
(Niu et al., 2013). At this Chinese site, however, PM
concentrations are significantly influenced by
anthropogenic
activities
and
precipitation
scavenging. Henties Bay is not nearly as
industrialised and is affected more by fog events
than rain, given the semi-permanent stratocumulus
cloud layer. A recent study showed that aerosol
concentrations at Henties Bay are influenced by
mainly sea salt (74.7%) followed by mineral dust
(15.7%), ammonium neutralised (6.1%), fugitive dust
sources (2.6%), and emissions from industry (0.9%)
(Klopper et al., 2020). This indicates that the peaks
observed in the morning and the beginning of the
evening between the two studies are ascribed to
different sources.
A completely different pattern was observed at a
Malaysian coastal site during non-haze and haze
episodes (Tahir et al., 2013). Concentrations were
observed to be relatively low and constant from
midnight to around 9 am and then slightly increased
(haze episode) or decreased (non-haze episode)
until 9 pm and 5 pm, respectively. This site is
different from the other 2 as it’s located about 1 km
from the coast with no important anthropogenic
activities (except for an airport within 100 m) and no
mineral dust sources within its vicinity.

3.2

Figure 5. Box plots of daily Fe% in ambient
PM2.5 and PM10 concentrations (25th, 50th,
75th percentiles and minimum and maximum
concentrations. Blue dots indicate the mean
Fe% while the red dots represent the
outliers.

3.3

Back-trajectories

Figure 6 illustrates 72-hour back-trajectories
computed for the sampling period during 15-29 July.
During most of the study period, airmasses were
predominantly transported from the interior. The
lowest aerosol concentrations were observed
between 23-24 July and during these days, the
dominant transport pathway was from the adjacent
ocean. The highest Fe percentages were observed
on 22 July (3%) and 26 July (4%). The trajectories
computed for 22 July show that air masses were
recirculated over the Omaruru riverbed and the
ocean, while on 26 July airmasses were transported
from as far as Zimbabwe and importantly over the
Makgadikgadi pan region.

Fe Fraction in Observed Aerosols

The variation in daily Fe % in the ambient PM2.5
and PM10 concentrations during the study period is
illustrated in Figure 5. The daily Fe % was higher in
PM2.5 concentrations. The Fe % was mostly lower
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4. Conclusions
In this paper, aerosol concentrations and the
typical Fe% in the ambient air over Henties Bay were
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analysed during a 2-week sampling period. PM2.5
concentrations ranged 0-105 ɥg/m3 with a mean
value of 17±15 ɥg/m3. PM10 concentrations ranged
0-239 ɥg/m3 with a mean value of 39±36 ɥg/m3. The
diurnal variation in PM2.5 and PM10 concentrations
revealed a distinct pattern with two peaks coinciding
at 6 am and around 7 pm. The daily Fe % was
observed to be higher in the fine PM fraction. It is
important to note that the highest Fe% was not
observed when the PM concentrations were at their
highest during the sampling period. The highest Fe
% was not observed when aerosol concentrations
were at their highest on 17 and 18 July. Rather, the
Fe % values were highest on 26 and 27 July. The
HYSPLIT back-trajectory analysis revealed that air
masses were pre-dominantly transported from the
interior on these days, suggesting a dominant
contribution from mineral dust sources.
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Emissions of dust from unsealed road surfaces can be a significant source of PM
(Particulate Matter), particularly in arid to semi-arid regions. On the South African
Highveld the potential for emissions from unpaved roads is high due to these roads
forming part of the urban road network. Vehicle activity may be high due to paved roads
linking to unpaved. The World Bank funded study around Cost Effectiveness and Air
Quality Management Planning in the Johannesburg, Ekurhuleni and Tshwane Region
included the development of an emissions inventory for Gauteng. During stakeholder
and expert engagement, it was decided that unpaved roads be featured as a source
sector. To this end a model based on the methodology from the US EPA (AP-42 Chapter
13.2.2) was developed. The model was designed to feed into air quality modelling and
as such output is spatially and temporally disaggregated. The road network considered
includes provincial identified unpaved roads as well as those from the crowd sourced
OpenStreetMaps dataset. Other factors include road silt fraction, soil moisture, rainfall
and vehicle numbers. The model is dynamic due to hourly soil moisture and daily rainfall
considerations. In terms of input, uncertainty is greatest for the number of vehicles per
road; with emissions estimates scaling linearly to this. The unpaved road PM estimated
here are between 2.6 and 15 times greater than other inventories illustrating the potential
importance for this process to be included within the on-road vehicle source sector. The
estimated total PM10 emissions indicate that this is indeed a significant source sector and
should be considered for urban and regional air quality management.
Keywords: Emissions, vehicles, unpaved roads, Gauteng emissions, PM.

1. Introduction
The potential health impacts of fine particulate
matter (PM10 and particularly PM2.5) pollution are
well documented (WHO, 2013) to the point that it is
used as an indicator of air pollution in general. This
may be especially relevant for arid regions in that
emission of dust from exposed surfaces contribute
significantly to total PM concentrations (Garland et
al., 2021; Hassan et al., 2022). Direct primary PM
emissions from vehicle exhaust are comparatively
low depending on prevalent engine technologies and
other more dominant sources such as residential
fuel combustion or biomass burning being present.
However, indirect, often non-combustion, related
vehicle PM emissions such as tyre and break wear,
road dust resuspension and road surface wear can
add a more significant contribution to PM. This
becomes relevant even for electric vehicles, that
while do not have exhaust emissions, do still
contribute through the road and tyre and break wear
emissions (Timmers and Achten., 2016). Together
with gaseous emissions of secondary aerosol

precursors, vehicles potentially become a significant
source of PM due to non-combustion processes
(e.g., Amato et al. (2014) and Kumar and Elumalai
(2018)). With respect to road surface wear and
resuspension, unsurfaced or unpaved roads provide
a large reservoir of material to be emitted by passing
vehicles; through turbulence and tyre action.
A majority of the South African road network is
classified as “gravel”, which are typically dirt roads;
as replacement gravel may not available or feasible.
In 2016, SANRAL estimated between 74% - 79% of
South
African
roads
are
gravel
(https://www.arrivealive.co.za/The-South-AfricanNational-Roads-Agency-LTD). While a majority of
these occur within rural areas, some may be found
in urban areas as well. Over 80% of Gauteng’s
network is considered gravel (Cornerstone
Economic Research, 2018) with over two thirds of
these gravel roads being in poor or very poor
condition. If one considers only provincial roads in
Gauteng, 24% are unpaved with approximately 44%
of these being in fair to very poor condition (National
Treasury, 2021). However, in addition to provincial
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roads, there exists smaller unpaved roads in outer
lying urban areas and within townships. These may
present a larger portion of the unpaved road network
in Gauteng.
Furthermore, the province of Gauteng receives
on average approximately 721 mm of rainfall per
year (South African Weather Service, 2021), with the
Köppen-Gieger classification scheme (Peel et al.,
2007) describing the province as temperate with dry
winters and hot/warm summers. Although the annual
rainfall in the province may be seen as moderate,
much of the rainfall occurs in heavy events during a
short period. There are distinctly dry seasons. This
combined with potentially intense traffic in the urban
areas, unpaved roads may present a significant local
source of PM.
Factors influencing these emissions are silt
content, soil moisture, vehicle weight and vehicle
speed. The highly localized nature of such factors
(particularly silt content and moisture) mean the
most reliable emission estimates will be based on
continuous measurement approaches. However,
while this may be possible if one considers single
roads in a controlled area, the practicality and cost
of using measurements for a larger region become
unfeasible (Liu and Yoon, 2019). This means other
approaches such as emission factors and models
become necessary. There have been attempts at
generalizing this information as conducting
measurements for larger regions becomes costly
and labour intensive. Much of the research agrees
that estimation of PM emissions from unpaved roads
due to vehicle activity is a complex problem. Even
for paved roads, (e.g., Escrig et al., 2011, Amato et
al., 2012 and Bogacki et al., 2018), studies that
include detailed sampling and consideration of silt
reservoirs still contain many uncertainties noted by
the authors. Liu and Yoon (2019) note insufficiencies
of the updated EPA method and propose
enhancements identified through the use of an
artificial neural network.
A World Bank funded study around Cost
Effectiveness and Air Quality Management Planning
in the Johannesburg, Ekurhuleni and Tshwane
Region included the development of an emissions
inventory for Gauteng. During stakeholder and
expert engagement, it was decided that unpaved
roads be featured as a source sector. The unpaved
road emissions estimated formed part of the larger
inventory, in which gridded emissions for sectors
such as wind-blown dust, on-road vehicles,
residential fuel combustion and informal waste
burning were also estimated. These then fed into an
air quality model to provide a baseline assessment
and sensitivity fields for the integrated assessment
model GAINS (Greenhouse Gas-Air Pollution
Interactions and Synergies; Aman et al., 2011).

This paper investigates estimation of primary PM
emissions due to road surface wear on unpaved
roads, and focuses on the Gauteng Province. The
estimates correspond to the year 2019 (considering
input data). The approached employed is that of the
updated US EPA unpaved roads methodology (US
EPA, 2006). The methodology is implemented
through processing that utilizes some daily updated
parameters and is gridded for air quality modelling
purposes.

2. Methodology
The methodology used to estimate PM emissions
due to mechanical activity of vehicles on unpaved
roads is based on the revised US EPA AP-42
approach (US EPA, 2006). This specifically covers
estimation of PM from resuspended road surface
material on unsealed roads. A base emission factor
is modified for changes in silt content, soil moisture
and vehicle speed- according to an equation
containing empirically derived constants.
The method is commonly applied for small scale
often intra-facility impact studies as it appears in
many governmental guidelines (e.g., Environment
and Climate Change Canada, 2021; SAPCD, 2022).
As part of a larger study, Jones (2000) estimated
PM10 emissions from unpaved roads in South Africa
using an older version of the US EPA method (from
1996) and generalized inputs. That version did not
account for soil moisture, but did limit emissions to
days with rainfall below a threshold. Like the current
version, a baseline emission factor is corrected for
various parameters, and then multiplied by vehicle
activity represented by vehicle kilometres travelled
(VKT).
The methodology is implemented using Python
such that the calculation is done for each road
section at every hour in a year; ingesting input data
and regridding as necessary.

2.1

Unpaved road network

As a first step it is necessary to identify the
unpaved roads that emissions are to be estimated
for. Generally determining the physical state of each
road in a large area is a time consuming and labour
intensive endeavour. As such a majority of data
pertains to surveys, and this covers only a portion of
the road network. The CSIR maintains a spatial
database of provincial roads in Gauteng, which
contain a field indicating road condition. However,
these provincial roads will only make up a small
subset of unpaved roads, and will not cover the small
roads within townships etc. Therefor to supplement
the provincial road data, the crowd sourced
OpenStreetMaps database was used. A query,
through
the
Overpass
API
(
https://wiki.openstreetmap.org/wiki/Overpass_API),
was used to select only those roads with a “surface”
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tag equal to “unpaved”. A visual inspection of a
random sample of these unpaved roads through
Google Maps (using 2019 imagery) confirmed these
as unpaved. OpenStreetMaps roads that coincided
with the provincial roads were removed to avoid
double counting. In total, 8079 unique road sections
were identified in Gauteng as unpaved. The total
length of these roads was 4511 km.

2.2

Emission factor

An empirically developed equation is used to
apply corrections to a baseline emission factor.
Parameters of soil moisture, soil silt content and
vehicle speed are considered. The equation used
here is for light vehicles on public unpaved roads.
Vehicle weight and number of axles are not
considered as they are not considered dominant
factors for the light vehicle fleet; compared to heavy
vehicles on industrial roads (US EPA, 2006).
Included in the equation are constants derived from
field measurements and an emission factor for
exhaust, brake and tyre wear that must be
subtracted. The constants are specific to either
PM2.5, PM10 or PM30. Due to fewer field
measurements the constants for PM2.5 are based on
scaling of PM10. Vehicle speed must indicate the
mean speed of the fleet traveling on the road;
individual classes cannot be estimated for as the
original field measurements did not cater for this.

𝑠 𝑎 𝑆 𝑏
) ( )
𝐸𝑓 = ( 12 30 ) − 𝐶
𝑀
( )𝑐
0.5
𝑘(

Ef: Size specific emission factor (lb/VMT)
s: Surface material silt content (%)
S: Mean vehicle speed (mph)
M: Surface material moisture content (%)
C: Emission factor for 1980s vehicle

fleet

exhaust, brake wear and tire wear

k, a, b and C are the empirical constants.
It may be evident that the correction parameters
will vary in time and space. Silt content is different
for each road considered and may change with time.
The same applied to soil moisture and even vehicle
speed. If estimating emissions for unpaved roads at
a regional extent, this variability must be considered
where possible. It must be noted, however, that the
equation was derived and tested only within certain
ranges of each parameter. Namely silt content

between 1.8% – 35%, soil moisture between 0.03%
– 13% and vehicle speed between 10 mph – 55 mph.
In Figure 1 the relation between the calculated
emission factor for PM10 and soil moisture (Smois),
soil silt content (Silt) and vehicle speed (Speed) is
illustrated. For each of the parameter plots the other
variable factors were kept constant at the average of
the tested ranges, e.g., for the Silt plot vehicle speed
was set at 32.5 mph (average of 10 and 55) and soil
moisture was set at 6.52% (average of 0.03 and 13).

Figure 1: Relationship between PM10 emission
factor and silt, speed and soil moisture

2.2.1 Soil silt content
The soil silt content is a vital piece of information
and refers to soil particles <75m in diameter. The
emission factor is directly proportional to the silt
content (Figure 1) It is recommended that silt
measurements are used such that the local
conditions are represented. The variability of such a
parameter across space may be considerable, even
when compared to the local roadside since vehicles
are continuously removing fine material compared to
the side. These measurements could be feasible at
a single road scale or roads within a small area. For
considering unpaved roads across the province this
was not feasible and a high resolution modelled
global product was used instead. This provided a
level of spatial variability that was better than an
assumed constant (e.g., in Jones, 2000) or the
provided (though not recommended) defaults found
within the US EPA methodology documentation.
For this emission factor estimation silt content is
based on the SoilGrid 250m global surface layer silt
content product (Hengl et al., 2017). SoilGrid
provides global scale high resolution predicted soil
properties based on machine learning trained with
soil profile measurements and fitted to remote
sensing derived soil relevant covariates. While the
model exhibits moderate uncertainty for some
parameters predicted, silt content prediction showed
very good performance.
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The SoilGrid estimated gridded silt content is
allocated to all identified unpaved roads and remains
constant throughout the estimation as no short term
(intra-annual here) temporal variability is provided
with the product.
2.2.2 Soil moisture and rainfall
Emissions from unpaved roads are indirectly
proportional to soil moisture content (Figure 1).
Increasing the soil moisture also increases particle
size due to conglomeration; thus, decreasing the
ability for soil to be liberated by passing vehicles.
Here, hourly soil moisture content is derived from
Weather Research and Forecasting (WRF) model
(Skamarock et al., 2019) simulations. This provides
high resolution (spatial and temporal) information to
drive a dynamic emissions estimation; which is
necessary as this source sector may exhibit
considerable spatial and temporal variability. It is the
model derived soil moisture parameter that allows
the unpaved roads emissions methodology to be
applied at an hourly interval. Due to the land surface
model employed in the WRF simulation, factors such
as evaporation and permeability are accounted for.
Another factor to account for is rainfall. However,
unlike soil moisture, rainfall is used as a binary
indicator of emission potential. If rainfall is indicated,
above a specified threshold, no emissions occur for
that day. The US EPA methodology specifies
0.254mm of daily rainfall as a threshold, i.e., if daily
rainfall is above this, no emissions occur on that day.
Realistically however this threshold is very low,
corresponding to the lowest amount of rainfall
reported by the US National Weather Service. It is
less than what is considered “light” rainfall. Here, a
threshold of 7.62mm is used, which corresponds to
the upper end of “moderate” rainfall, which is
described as forming long lived puddles.
2.2.3 Vehicle speed
The emission factor is proportional to vehicle
speed (Figure 1). The empirically derived formula
indicates that emissions are higher if vehicles
travelling on the unpaved surface are moving faster.
Information for this parameter was derived from the
association of specific road types that the unpaved
roads fell under (according to the OpenStreetMaps
database) and the speeds for those same types as
recorded by South African National Roads Agency
Limited (SANRAL) automated count stations.
However, to account for the fact that vehicle speed
may be reduced on unpaved roads, the 15th
percentile provided by the count data is taken. The
Gauteng provincial unpaved roads are mapped to
the OpenStreetMaps classes, such that the speeds
may be associated with these as well. For all
unpaved roads identified the average speed
assigned was 60 kph (min 52 kph; max 67 kph).

2.3

Vehicle activity

The emission factor relates to the mass of PM
emitted per Vehicle Kilometre Travelled (VKT). The
length of each road segment the methodology is
being applied to is known, and thus the number of
vehicles for that road segment is required to derive
VKT. The emission factor calculation results in an
hourly estimate due to soil moisture temporal
variability, and since the diurnal nature of vehicle
traffic is an important consideration, the traffic
volume for each road also varies by hour.
Ideally this information, regarding either full
hourly or typical daily vehicle count, should be
sampled from each of the roads in question.
However, no such direct observations are available.
In fact, no directly observed vehicle counts were
available for any unpaved roads in this region such
that a generalized assumption could be made. It was
therefore necessary to derive vehicle numbers per
road through a proxy-based assumption.
Initially, the VKT for an unpaved road section is
taken from the closest adjoining paved road. This
paved road VKT was taken from the on-road vehicle
sector emissions from the larger study. Briefly, this
VKT is derived from provincial fuel sales split into the
different vehicle classes, available through the
eNATIS registration database, and translated into
kilometres travelled based on class specific fuel
economy taken from Tier 3 emission factors from the
EMEP/EEA
2019
Guidebook
(European
Environment Agency, 2019). Further spatial
disaggregation is achieved using the National
Household Travel Survey information (StatsSA,
2013) on the Travel Analysis Zones and the South
African
Road
Classification
and
Access
Management Manual (COTO, 2012) typical road
design volumes. VKT for road sections housing
automated counting stations, run by SANRAL, were
estimated using the annual average daily total and
the length of the immediate road section.
It is however necessary to scale the VKT for the
unpaved road section considering its relative length
to the paved road. This VKT is then divided by the
unpaved road length, thus providing an annual
vehicle count, which is further divided by the number
of days in a year such that the count is daily. This
algorithm does not always prove realistic, as some
unpaved roads are very near, or joining, major
routes, resulting in very high vehicle numbers.
Unrealistic for an unpaved road. To avoid this
anomaly, the daily vehicle activity per unpaved road
is capped to 500 vehicles, which is the typical design
capacity for the smallest road as reported by the
South African Road Classification Manual. Of the
8079 roads identified as unpaved, 49.8% of these
needed to be capped to 500 vehicles per day. If one
considers the unpaved roads estimated to carry less
than 500 vehicles per day, i.e., those that did not
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need to be capped, the average vehicle activity is
207 vehicles per day. Including all roads, with activity
capped to 500 for appropriate roads, the average
vehicle activity is 353 vehicles per day.
To derive an hourly estimate of vehicle activity,
the daily vehicle count was proportionally split using
diurnal profiles developed during the 2019 Vaal
Triangle Airshed Priority Area Air Quality
Management Plan (VTAPA AQMP; DEA, 2019).
These were derived from diurnal profiles reported by
3569 automated count stations. A profile for
weekend and weekday activity was used.

3. Results and discussion
Emissions for the unpaved roads were estimated
at an hourly interval for the year 2019. On average
across the year, and between all roads, the PM10
emission factor was 170 g/VKT (min of 0 g/VKT and
max of 570 g/VKT). A day with rainfall above 7.62
mm/day ensured a minimum emission factor of 0
g/VKT. If one considers Jones (2000), the only other
reported estimate for South Africa, an emission
factor of 0.534 kg/VKT is calculated for the country
and year. While this is around 3 times higher than
the average estimated here, it is very close to the
maximum. Numerous factors differ within the Jones
(2000) calculation and those used here; however, it
is possible that the Jones (2000) estimate could be
considered the maximum since it does not include
the effects of soil moisture.
A timeseries of daily estimated PM10 emissions
summed for all roads considered is shown in Figure
2.

Figure 2: Timeseries of Gauteng wide daily PM10
emissions

The impact of rainfall is evident, and without this
soil moisture decreases during the dry season, thus
increasing emissions gradually. The use of WRF
simulated soil moisture ensures factors such as
evaporation and runoff are accounted for.
Figure 3 shows the gridded (0.02o x 0.02o
resolution) representation of the estimated annual
total PM10.

Figure 3: Gridded annual total PM10 emissions

The spatial distribution will follow the unpaved
roads selected from the OpenStreetMaps and CSIR
provincial roads database. The highest intensity
emissions are estimated to be within City of
Tshwane and City of Ekurhuleni. The resultant
emissions are a combination of emission factor (thus
silt content, soil moisture and speed) as well as
number of vehicles and road length. The unpaved
roads further away from urban areas are expected to
have lower vehicle activity while those at the
periphery should have more. There are fewer
unpaved roads within urban areas themselves.
The total PM10 estimated is significant when
compared to other sources; of interest here exhaust
emissions from on-road vehicles. As part of the
Integrated Strategy for the Control of Motor Vehicle
Emissions (ISCMVE here) a national extent
emissions inventory was developed for on-road
vehicles; with an inventory year of 2009 (uMoyaNILU, 2012). Emissions included exhaust and brake
and tyre wear and assumed an older fleet (i.e., Tier
1 emission factors, which relate to an EU wide fleet
during 1995). Due to the national extent, estimates
for Gauteng and CoJ are provided. An on-road
vehicle emissions inventory was also developed for
the VTAPA AQMP (DEA, 2019) but only included
exhaust emissions. The inventory year was for 2016
and only CoJ wide emissions are reported. In terms
of fleet technology, a weighted average of EURO1-6
was assumed with higher weighting toward EURO6.
Table 1 provides the total annual PM10 estimates
from each of these studies for City of Johannesburg
(CoJ) and Gauteng Province.
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Table 1: Comparison with estimated total annual
vehicle PM10 from two other studies

Study
This study*
VTAPA AQMP^
ISCMVE#
This study*
ISCMVE#

Area
CoJ
CoJ
CoJ
GP
GP

PM10 (tpa)
4 433
365
1 677
61 179
3 911

* No exhaust, brake or tyre wear
^ Only exhaust (no brake and tyre wear), EURO5 weighted
fleet
# Incl. brake and tyre wear and assumed very old fleet

Even with assuming an older fleet (important for
PM emissions potential due to older technologies)
and including brake and tyre wear, non-unpaved
road PM10 emissions are over 15 times less than
from unpaved roads. When comparing estimates for
CoJ, an area with fewer identified and less emitting
unpaved roads, the ISCMVE PM10 is 2.6 times less,
which is expected regardless as exhaust emissions
become more dominant due to fewer unpaved
roads. However, the ISCMVE inventory may be
considered bias towards a higher estimate. A more
conservative estimate from the VTAPA AQMP
shows the PM10 from unpaved roads are 12 times
higher than the exhaust (only) emissions. Further
still, this province or city-wide exhaust (and the brake
and tyre wear) emissions are distributed across
many more roads than the unpaved emissions,
indicating a potentially more concentrated effect on
air quality from unpaved roads.

4. Conclusions
PM emissions resulting from vehicle tyre action
and turbulence on unpaved roads present a
significant contribution to PM when compared not
only to the vehicle sector, but potentially others as
well. The impact on air quality may be considerable,
at least in the immediate vicinity of these roads.
These emissions are an important consideration for
arid and even semi-arid regions.
In the emission estimation, detailed information
on surface material silt content and moisture are
required as are the vehicle activity.
Here an attempt is made to automate the US EPA
(2006) methodology such that WRF simulated hourly
soil moisture and daily rainfall are incorporated into
the equation and estimates for individual identified
unpaved roads in Gauteng are generated ready for
input into an air quality model. The estimates are
compared to other vehicle PM inventories as
available for coincident regions. Only exhaust and
brake and tyre wear estimates were available. The

unpaved road PM estimated here are between 2.6
and 15 times greater than other inventories
illustrating the potential importance for this process
to be included within the on-road vehicle source
sector. The spatially limited distribution of unpaved
roads also indicates the potential for high
concentration of PM in ambient air in close proximity
to these sources.
A potential path forward on refining the estimates
is apparent from previous research. Numerous
studies have utilized, investigated or improved the
US EPA methodology, in its various iterations, for
emission estimation from unpaved roads (Gillies et
al., 2005; Chang et al., 2010; Jia et al., 2013; Chen
et al., 2019; Liu and Yoon, 2019). A majority of the
research utilized field measurements to improve
upon the empirical constants provided by the US
EPA methodology (and some results have been
included in the latest iterations, e.g., inclusion of
vehicle speed). While this has resulted in
improvements of emission estimation for the
individual roads in question, these constants may be
only applicable to those roads. Thus, the most
reliable approach, for example in Gauteng, will
require at least some measurements for the roads
being estimated for. In terms of feasibility continuous
measurement is not necessary, and a modified
version of the US EPA methodology, with localized
empirical constants, is recommended.
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The objective of this study was to investigate the impact of the meteorological
parameters (wind speed, barometric pressure, temperature and rainfall) on methane and
carbon dioxide emissions from a rural landfill in South Africa. This was conducted by
statistical correlation and visual analysis. Eighteen gas sample probes were constructed
and placed approximately 100 meters apart on the boundaries of the landfill site. GA
2000 landfill gas analyser was used to monitor the CH4 and CO2 emitted from the
subsurface of the landfill. Temperature and barometric pressure had a positive and weak
correlation with CH4 concentration with value of 0.31 and 0.39 respectively. Although
both parameters were statistically significant (p < 0.001). A negative weak correlation
was observed between the rainfall and temperature correlation with CH4 concentration
(value at -0.17 and -0.10 respectively), with a statistical significance of p < 0.01. Similarly,
all meteorological parameters for this study did not majorly influence the CO2
concentration, due to the weak positive and negative correlations observed between the
meteorology parameters and CO2 concentration. All parameters were statistically
significant (p < 0.001).
Keywords: Barometric pressure, GA2000 landfill gas analyser, Landfill, Rainfall, Rural,
Meteorology, Temperature, Wind speed

1. Introduction
Landfills are one of the main contributors to the
world’s anthropogenic greenhouse gas (GHG)
emissions because a significant amount of methane
(CH4) and carbon dioxide (CO2) are emitted from the
degradation process of deposited waste in landfills
(Manheim et al., 2021). In landfills, LFG is produced
in three stages: bacterial degradation, chemical
reactions, and volatilization. Due to complex
physical, chemical and microbiological processes,
persistent organic pollutants (such as dioxins,
polycyclic aromatic hydrocarbons), CH4, CO2, heavy
metals,
Non-metallic
Organic
Compounds
(NMOCs), particulate matter and some trace
elements are regularly generated in landfills (Sibeko
et al., 2020 and Sekhohola-Dlamini and Tekere,
2020). CH4 makes up (50–60%) and CO2 (30–40%)
makes approximately 80 – 90 % of the total LFG
generation while other trace gases like NMOCs,
hydrogen sulphide, trichloroethylene, benzene, and
vinyl chloride etc. makes up the remaining
percentage of the gases (Njoku and Edokpayi,
2022).

Several
studies
investigated
on
how
meteorological factors like barometric pressure,
temperature, rainfall, wind speed etc. affected the
LFG emissions (Mønster et al., 2019; Li et al., 2020;
Aghdam et al., 2019 and Kissas et al., 2019). The
phenomenon of LFG emissions in general follows
that the pressure gradient between landfill and
atmosphere is influenced by atmospheric pressure
dynamic. Studies have discovered that barometric
pressure variations affect LFG emissions (Xu et al.,
2014; Czepiel et al., 2003 and Kissas et al., 2022).
However, Fjelsted et al. (2019) observed that
measured LFG emissions at two Danish landfills,
sometimes correlated inversely with the absolute
value of barometric pressure.
The impacts of ambient temperature on LFG
emissions and composition have also been studied
previously by several scholar (Shammas et al.,
2020; Anh et al., 2022). As the ambient temperature
rises, it induces the temperature of soil top cover of
the landfill to rise, also increasing the temperature of
the landfill. This increase in temperature, stimulates
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more bacterial activity and more LFG production
(Reddy et al., 2019). Bacterial activity rises in warm
temperature, which in turn accelerates LFG
production. Lower temperatures reduce bacteria
activities, more so, temperature below 10°C,
typically declines sharply bacterial activity (Schupp
et al., 2020). A covered landfill typically keeps its
temperature steady, increasing LFG production.
Although temperatures as high as 70°C have been
recorded, bacterial activity emits heat that stabilizes
a landfill's temperature between 25°C to 45°C
(Marković and Stevović, 2016). For example, Reddy
et al. (2019) demonstrates that temperature is a
critical factor affecting rates of landfill soil CH4
oxidation and emission. However, Czepiel et al.
(2003) found no significant correlation between air
temperature and CH4 emissions.
Increased rainfall intensity increases the amount
of moisture content in the landfill. The presence of
unsaturated moisture content in landfills increases
LFG generation, because it encourages bacterial
activities thereby improving the
decomposition of waste. Appropriate
moisture boosts bacterial growth and
transports nutrients and bacteria to all
zones inside the landfill. A moisture
content of 40% or higher, based on wet
weight of waste, promotes maximum
gas production (e.g., in a capped
landfill). Waste compaction slows gas
production because it increases the
density of the landfill contents,
decreasing the rate at which water can
infiltrate the waste. The rate of gas
production is higher if heavy rainfall
and/or permeable landfill covers
introduce additional water into a
landfill. Studies have shown the impact
of rainfall on LFG emissions (Jalilzadeh
et al., 2020; Ziegler-Rodriguez et al.,
2019).
As mentioned previously, studies
have identified the meteorological impacts of landfill
gas emission and varying conclusions have been
concluded during the studies. However, it was
observed that majority of the landfill in these studies
are located in big cities and town and little or no
study focuses on the meteorological effects on the
emissions from rural landfills. Rural landfills
especially in South Africa is synonymous with poor
landfill management, low budgetary system,
frequent heavy machine breakdown, lack of LFG
collection and utilization system, lack of air quality
monitoring and lack of expertise in running from the
Municipalities in operating a landfill and so on.
Therefore, this study seeks to understand the effects

of some meteorological parameters on the CH4 and
CO2 emissions from a rural landfill in South Africa.

2. Methods
2.1 Study Area
Thohoyandou landfill is located in Thulamela
Municipality in Muledani and manages the MSW
from towns and villages in the Thulamela Municipal
region (igure 1). Thulamela Municipality is 180
kilometers south of Polokwane and serves as a
gateway to the Kruger National Park. It can be found
at longitudes of 23°0013.0S and latitudes of
30°2755.3E. The Municipality has a population of
584,257 and is largely made up of rural communities
(Njoku et al., 2020). The landfill has around four cells
that have been closed, and one cell that is currently
receiving waste. The cell currently receiving waste
will soon reach its full lifespan and will be closed
permanently. A new cell has been recently
constructed and will be operational pending when
the old functioning cell closes.

Figure 1: Study Area Map

2.2 Design and Installation of Monitoring
probes
A reconnaissance survey was conducted before
the LFG monitoring probes were installed in the
landfill. A proper assessment was conducted to
arcertain where the landfill gas monitoring probes
will be located. Critical areas between the landfill and
adjacent buildings like groves of trees, utility lines
and fracture zones were assessed before
installation. After a proper assessment has been
conducted, the installation of the LFG monitoring
probes was installed around the perimeter of the
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landfill site. The landfill boundary areas were not far
from the disposal site.
The landfill gas monitoring probes were designed
with expert precise measurements for an easy
monitoring of the sub-surface migration of the landfill
gas according to Bhaillal et al. (2010). This was to
be able to monitor a good representation of the
lateral movement of the gases. A proper design and
construction of landfill gas monitoring probe were
designed to minimise air intrusion into the system so
accurate gas samples can be collected from the
probes. If air enters the probes, it can dilute the
samples making it unrepresentative.
The LFG monitoring probes were made from
PVC pipes, we were careful not to use metals to
avoid vandalization or theft. These pipes were
perforated along the sides to allow the ingress of
LFG into the probes (Figure 2). The installation of the
of the probes were installed in the month of
November 2019. The number of monitoring probes
installed were 18, at the boundaries of the landfill at
a depth of approximately 1-3 meters. Figure 3 shows
the sampling points where the monitoring probes
were installed. The installation of the probes were
within the range 60 to 150 meters apart. The spacing
was dependent on the soil permeability (the more
permeable the soil the closer the installation of the
monitoring probes).

Figure 2: A schematic diagram of an installed LFG
monitoring probe
A unit monitoring probe consists of cement top
which was painted red for easy visibility to up-coming
traffic. Also, the cement top was used to protect the
probes from theft or vandalism and even land fires.
The threaded cap was used as a connection in which
the gas samples was collected from the probes and
measured using the GA 2000 (Geotechnical
Instrument).

2.3 Data collection
Direct readings of gas concentrations of the
principal components of LFG (CH4 and CO2) were
taken using the GA 2000 hand-held infrared gas

analyser developed by Geotec in the United
Kingdom. The GA 2000 hand-held gas analyser
uses dual wavelength infrared cells to measure CH4
and CO2, and an inbuilt electrochemical cell to
measure O2 (Beirne, 2010). The instrument was
used for the analysis of gas samples taken from the
sampling ports installed within the landfill. The outer
perforated PVC pipes helps for the allowance of flow
of the LFG into the probes. The inner perforated PVC
pipes, also allows for the gases in the probes and
traps the gases. The methodology of this study was
conducted in accordance with methods prescribed
by South African Bureau of Standards (SABS)
referred to in the Standard Act,1982 (Act 30 of 1982)
(Bhailall et al., 2010). Number all equations at the
right edge of their column.

Figure 3: Aerial view of the landfill site showing the
different points the LFG monitoring probes were
installed at the boundary of landfill
Fay et al. (2011) showed that when many
borehole wells of varied head space depths were
sampled, the longest time to reach a steady state
measurement was approximately 2 minutes.
Therefore, this study adopted a monitoring length of
3 minutes to allow for enough settling time. This
resulted to a split in the monitoring time into three
different operations (baseline, sampling and purge),
each of which was observed for three minutes, and
samples were analysed after every three minutes.
The baseline procedure is when the GA 2000 gas
analyser was switched on and the supply valve was
switched to the atmosphere to check if the sensor is
powered up. It also allows enough time for the
Infrared (IR) sensors to warm up and stabilize. The
baseline sampling procedure ensures that no
residual landfill gas remains in the chamber of the
gas analyser from previous measurement cycles.
Subsequently, during the sampling operations, the
sampling valve from the GA 2000 is connected to the
extraction point of the landfill monitoring probe. The
sampling valve outlet of the probes is linked to the
GA 2000 instrument, the instrument then pulls the
gas from the sampling point for approximately 60
seconds and the readings are recorded. Later, the
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Table 1: Pearson’s correlation coefficients and pmeasurements are repeated for 30 seconds
values between the selected meteorological parameters
consecutively for three times. This is done until
the
Meteorology
CH4
CO2
readings from the GA 2000 gas analyser is stable.
Pearson p-value
Pearson p-value
correlati
correlati
The data was collected from March 2020 to
on
on
January 2022. The results from the four
measurements are then compared and averaged Temperature 0.31
p
< 0.39
p<
0.001
0.001
to give a final result. Then, the purge procedure
follows thereafter, whereby it is ensured that the Rainfall
-0.17
p < 0.01
0.10
p<
LFG is removed from the instrument’s chamber.
0.001

2.4 Data analysis

Wind speed

0.39

p
<
0.001

0.10

p<
0.001

CH4 and CO2 emissions were collected using
Barometric
-0.10
p
< -0.25
p<
the GA 2000 landfill gas analyser. The data was pressure
0.001
0.001
collected and stored in excel. Meteorological data
and LFG data during the periods studied in 2020 and
was collected was obtained from the South African
2022.
Weather Service. To know the Pearson’s correlation
3.1.1 Barometric pressure
and statistical difference between the meteorological
The barometric pressure showed a weak
data and the LFG, Simple t-Test analysis was
negative
correlation with CH4 and CO2
conducted using the excel tool.
concentrations with values of - 0.10 and - 0.25
. In order to investigate if there is a correlation
respectively during the duration of the study (Table
between the meteorological parameter (rainfall,
1). However, both correlations were observed to be
barometric pressure, wind speed and temperature)
very statistically significant (p < 0.001). This entails
and the LFG concentration, Pearson’s correlation
that the changes in barometric pressure had little or
and p values were calculated. The Pearson’s
no effect on the CH4 and CO2 concentrations in the
correlation gives a correlation coefficient between +1
landfill at the duration of the study. Higher barometric
and -1, this show how strongly correlated the
pressure infuses more air into the landfill, which
variable are to each other. Correlation coefficient of
affects the stability of the LFG generation and overall
+1 and -1 shows a perfect linear relationship
concentration. When air is introduced into the
between the two variables, while 0 show that there
landfill, the presence of oxygen is increased there by
is no correlation between the variables. Negative
increasing the aerobic bacteria activities in the
correlation coefficients show an inverse relationship,
landfill thereby producing more CO2 and less of CH4
i.e. when one variable increases the other
generation. During the study, there were different
decreases, while positive values show a direct
landfill activities that disturbed the daily operations of
relationship between the two variables (Aghdam et
the landfill and eventually disturbed the LFG
al., 2019). Furthermore, p-values were calculated in
generation and emission in the landfill. Some
this study, to show whether the correlation
disturbances in the landfill included the creation of a
coefficients were significantly different. p < 0.001
new cell, machine breakdowns, leachate pond
shows very high significance, 0.001 ≤ p < 0.01 shows
relocation, closure of an old cell, construction of a
high significance, 0.01 ≤ p < 0.05 shows significance,
fence around the landfill and change in landfill
0.05 ≤ p < 0.10 shows low significance and p ≥ 0.10
management. These changes in the landfill could
shows no significance (Aghdam et al., 2019).
have brought about the weak correlation of
barometric pressure and LFG. Figure 4 illustrates
3. Results and discussion
the relationship between the barometric pressure
against CH4 concentration, it was evident that the
3.1 Influence of meteorological conditions
barometric pressure at its peak or lowest points
on the CH4 and CO2 levels
resulted in descending CH4 concentrations. For
LFG generation is dependent on several
example, in September 2020, the CH4 concentration
meteorological factors such as temperature, wind
recorded the lowest in CH4 concentration at 0.54%
speed, rainfall, barometric pressure and humidity of
vol/vol, and also a decreasing barometric pressure.
the environment. This study looks into the impacts of
The barometric pressure continued to decrease
ambient temperature, rainfall, barometric pressure
throughout the year, however, December of 2020
and wind speed on the CH4 and CO2 emission from
recorded the highest CH4 concentration reading at
Thohoyandou landfill
2.22% vol/vol. Furthermore, in 2021, the lowest CH4
Table 1 shows the Pearson’s correlation
concentration was identified in the month of May at
coefficient and the p-values between the selected
value of 0.24% vol/vol, the barometric pressure was
meteorological parameters (ambient temperature,
observed to be at one of its highest at that same
rainfall, barometric pressure and wind speed) and
period at value of 95.19kPa. The month of July 2021
the CH4 and CO2 concentrations.
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Figure 4: Average CH4 concentration observed
during each month (March 2020 – January 2022)
with barometric pressure

7,00
6,00
5,00
4,00
3,00
2,00
1,00
0,00

96,00

95,00
94,50

kPa

95,50

94,00
93,50

March
July
September
November
January
March
May
July
September
November
January

% vol/vol

recorded that highest barometric pressure of 95.68
kPa, and also the highest CH4 concentration was
observed the next month in August 2021 (2.26%
vol/vol). These results do show some areas of
inverse relationship between the barometric
pressure and CH4 concentrations for the duration of
the study.
Alternatively, Xu et al. (2014) studied the
understanding of the impact of changes in
barometric pressure on landfill CH4 emission. The
results show that landfill CH4 emissions strongly
depended on variations in barometric pressure;
increasing barometric pressure suppressed the CH4
emission, meanwhile decreasing barometric
pressure improved the CH4 emission, a
phenomenon called barometric pumping. Similar
results were also observed in Aghdam et al. (2019).
Also, a significant inverse interrelationship between
CH4 emissions and atmospheric pressure were
observed with a linear regression (r2 = 0.95) (Czepiel
et al., 2003).
Afterward, Table 3, shows a weak negative
correlation between the barometric pressure and
CO2 concentrations with value of - 0.25 during the
duration of the study. Figure 5 illustrates the
relationship between the barometric pressure
against CO2 concentration. In June 2020, CO2
recorded the lowest concentration at 4.66% vol/vol,
however, there was sharp increase in barometric
pressure at that time. All through the year 2020,
there was a constant decline in barometric pressure,
but the CO2 concentration reading continued to
range throughout the year. In the beginning of the
year 2021, there was a constant increase in
barometric pressure, as the increase continues there
records a constant decline in CO2 concentration
reading.

2020
CO2

2021

2022

barometric pressure (kPa)

Figure 5: Average CO2 concentration observed
during each month (March 2020 – January 2022)
with barometric pressure
3.1.2 Ambient Temperature
A weak positive correlation coefficient was
observed between the ambient temperature and CH4
emission at values of 0.31 and high statistically
significant at 0.001 (Table 3). High temperature
leads to higher microbial activities in the landfill
which inturn increases the CH4 generation rates or
CH4 oxidation rates (Aghdam et al., 2019).
Alternatively, Aghdam (2019) observed that CH4
emissions were therefore negatively correlated with
soil temperature. Temperature changes have a far
greater effect on LFG production in shallow landfills
than in very deep landfill. This is because the
bacteria are not as insulated against temperature
changes as compared to deep landfills where a thick
layer of soil covers the waste. Typically, warm
temperatures increase bacterial activity, which in
turn increases the rate of LFG production. While,
colder temperatures inhibit bacterial activity (Reddy
et at., 2019). Thohoyandou landfill is a deep landfill,
with some part of the landfill covered with thick layer
of soil cover and some part of the landfill still
receiving waste. This variations in the landfill cover
material can lead to the variation of temperature in
the landfill. This can affect the overall LFG
generation and emission from the landfill.
Figure 6 illustrates the relationship between the
temperature against the CH4 concentration. It shows
that the lowest of CH4 concentration (at 0.54%
vol/vol), the ambient temperature recorded a
constant increase from the beginning of the year and
in September 2020 was almost at its maximum
temperature (value at 22̊C; maximum temperature at
25.6̊C) for the year 2020. However, the highest CH4
concentration was recorded on the month of
December (value at 2.2% vol/vol) and at a
temperature of 24.4̊C. This shows that at the highest
temperature there was high CH4 concentration. The
CH4 concentration at that time is influenced by the
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Figure 6: Average CH4 concentration observed
during each month (March 2020 – January 2022)
with ambient temperature
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high temperature in the surrounding of the landfill.
The increased temperature increased the soil cover
thereby increasing the temperature in the landfill.
The increase in temperature increases bacteria
activities thereby increasing LFG generation and
emission (Schupp et al., 2020). In 2021, Figure 10,
shows that CH4 in its lowest concentration was
observed in the month of May (value at 0.24%
vol/vol) and the temperature was recorded was at
one of the lowest temperatures of the year (value at
17̊C). The low temperature at that time influenced
the CH4 concentration in the landfill, with low
temperature, it reduces the activities of the bacteria
in the landfill thereby reducing CH4 generation and
emission (Braker et al., 2010). Also, it was observed
that in November of 2021, the CH4 concentration
experienced the highest readings of CH4 (value at
2.33% vol/vol) and also recorded the highest value
of temperature at 25.6̊C. This shows a high
correlation with the temperature and CH4
concentration at that time, however, this high
correlation was not recorded in other months during
the duration of the study. This brought about the
overall low correlation of temperature and CH 4
concentrations recorded earlier.
Subsequently, Table 3, shows a weak positive
correlation between the temperature and CO2
concentrations with value of 0.39 during the duration
of the study. According to Figure 7, the results
observed a correlation between the temperature and
CO2 concentrations. The lowest CO2 concentration
was recorded in the month of June 2020 (value at
4.66% vol/vol), also, the lowest temperature reading
was observed in the same month of June 2020
(value at 16.1̊C). In 2022, The lowest concentration
of CO2 was recorded in the month of June (at a value
of 3.55 % vol/vol). Similarly, the lowest temperature
was recorded in the month of June (value at 16.4̊C).

2022
CO2

Figure 7: Average CO2 concentration observed
during each month (March 2020 – January 2022)
with ambient temperature
3.1.3 Rainfall
Rainfall showed a weak negative correlation
with CH4 concentrations with value of -0.17 during
the duration of the study (Table 3). Also, the
relationship is statistically significant (p < 0.01). Also,
rainfall increases the soil moisture content and
decreases oxygen levels which regulates the
nitrification and dentification and also limit bacteria
activities in the soil. Bian et al. (2021) observed that
the degree of decrease of CH4 emission was closely
correlated with the rainfall intensity. This is because
a more significant increase in water content under
heavier rainfall, leads to a great reduction in LFG
movement and reduces microbial CH4 oxidation
activity. A substantial decrease of CH4 emission flux
was experienced throughout the rainfall.
According to Yan et al. (2016), heavy rainfall can
cause the top cover soil of the landfill to be water
logged thereby decreases the permeability of the top
cover soil. Since LFG moves in areas of high
permeability, the decreased pores in the landfill
cover restricts CH4 emissions at that period of time.
Notwithstanding, a certain amount of moisture
content in the landfill increases the bacteria
activities, transports nutrients thereby increasing
CH4 in an anaerobic condition. A moisture content of
40% or higher, based on wet weight of waste,
encourages maximum LFG generation especially in
a closed landfill. The rate of LFG generation will
increase during heavy rainfall; however, a
waterlogged tops soil cover will inhibit the LFG
emission (Johari et al., 2012).
Figure 8 illustrates the relationship between the
rainfall and the CH4 concentration. It shows that the
lowest of CH4 concentration (at 0.54% vol/vol), low
rainfall was recorded at that time (value at 1.2 mm)
in September, 2020. The highest CH4 concentration
was recorded on the month of December (value at
2.2% vol/vol) there was an increasing amount
rainfall. This affirms that the increasing rainfall,
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Figure 8: Average CH4 concentration observed
during each month (March 2020 – January 2022)
with rainfall
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Figure 9: Average CO2 concentration observed
during each month (March 2020 – January 2022)
with rainfall
3.1.4 Wind speed
Table 3 shows a low positive correlation
between the wind speed and the CH4 concentration
for the duration of the study (value at 0.39) and the
correlation was very statistically significant (value at
p<0.001). Similar results were observed in Kissas et
al. (2022), which shows a weak positive correlation
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between CH4 fluxes and wind speed (r = 0.21, p <
0.001). The predominant perception is that the effect
of wind speed on LFG emissions is indirect, as it
creates the pressure pumping effect that facilitates
advective gas transportation. Moreover, Kissas et al.
(2022) suggests through model simulations how
increased wind speed brings about changes in the
pressure gradient between the soil and the
atmosphere, resulting in increased surface CH4
emissions.
From Figure 10, shows the observation in 2020
the lowest CH4 concentration was recorded at 0.54%
vol/vol and also the high wind speed was recorded
on the same month (value at 2.72 m/s). Also, the
month of October recorded the highest wind speed
at a value of 2.84 m/s but there was a slight increase
in CH4 concentration (value at 0.66% vol/vol).
Furthermore, lowest concentration of CH4 in 2021
was observed in the month of May at 0.24% vol/vol
and with an average wind speed of 1.81 m/s. Also,
the highest concentration of CH4 in 2021 was
observed in the month of November at 2.33% vol/vol
and an average wind speed of 2.76 m/s. These
observations did not have any correlation. Several
studies have identified that wind induces advection
as the one of the dominant CH4 emission
mechanism in windy conditions at landfills (Aghdam,
2019; Xin et al., 2016). Wind blowing across a landfill
can cause a pressure difference, which is the driving
force for advective gas transportation. Which means
that a strong wind speed can create a pressure
difference between landfill body and the landfill
surface, which in turn can affect LFG generation and
emissions from landfills.
Table 3 shows a weak positive correlation
between the wind speed and CO2 concentration with
value of 0.10, and was very statistically significant (p
< 0.001). Figure 15 shows that the results observed
in the correlation between the wind speed and CO2
concentrations. The lowest CO2 concentration was
recorded in the month of June 2020 (value at 4.66%
vol/vol), also, in the month of June 2020, the wind
speed was recorded at one of its lowest (1.91 m/s).
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increased the moisture content in the top soil and
waste pile thereby increasing bacteria activities and
CH4 generation and emission. Due to the low rainfall
intensity, the moisture content of the top cover soil
was low and permeability was not obstructed,
therefore the top cover soil did not impede CH4
emissions.
In 2021, Figure 9, shows that CH4 in its lowest
concentration was observed in the month of May
(value at 0.24% vol/vol) and there was no rainfall
recorded in that month. The low rainfall affected the
moisture content in the landfill, reducing bacteria
activities thereby reducing CH4 generation and
emission. Also, it was observed that in November of
2021, the CH4 concentration experienced the highest
readings of CH4 emissions from the landfill
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Figure 10: Average CH4 concentration observed
during each month (March 2020 – January 2022)
with wind speed
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Figure 11: Average CO2 concentration observed
during each month (March 2020 – January 2022)
with wind speed

4. Conclusion
This study observed the influence of
meteorological parameters (barometric pressure,
ambient temperature, wind speed and rainfall) on the
CH4 and CO2 concentrations. The CH4 concentration
had a positive weak correlation with temperature and
wind speed and a very strong statistical significance
(p < 0.001). Also, CH4 concentration had a negative
weak correlation with temperature and barometric
pressure and a strong statistical significance (p <
0.01). Similarly, the CO2 concentration was
observed to have a positive weak correlation with
temperature, rainfall and wind speed and a strong
statistical significance (p < 0.001). However, a
negative weak correlation was observed between
CO2 concentration and barometric pressure. All
meteorological
parameters
observed
weak
correlation with CH4 and CO2 concentrations during
the duration of the study. There was observed to be
different major landfill activities that influence the
CH4 and CO2 generation and emission during the
monitoring process. These activities like creation of
a new cell, machine breakdowns, leachate pond
relocation, closure of an old cell, construction of a
fence around the landfill and change in landfill
management, had a lot to do with the results
generated during the monitoring process. It is
however difficult to ascribe any meteorological
parameter as a major cause of its LFG generation
and emissions. It is also pertinent that reduced
landfill activities
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More than 70% of the roads in low-income settlements are unpaved and in close vicinity (<=15m) to the
residences thus a major source of ambient and indoor PM10 concentrations. International studies have
suggested that decreasing vehicle speed and managing vehicle type on either paved or unpaved roads can
reduce vehicle road dust emissions. These mitigation strategies should be examined before being adopted
and gazetted into the South African air quality management plan. This study aimed to characterize roads and
traffic, with an emphasis on determining the impact of vehicle weight on PM10 emissions. GIS was used to
determine the proportion of paved and unpaved roads. A traffic counter was used to monitor vehicles and to
determine traffic composition, diurnal cycles, and average speed per road type. Field campaigns (Summer;6
days; 15 hrs per day) were carried out in Bokamoso to monitor on-road vehicle PM10 concentration using a
TSI DustTrak DRX® real-time optical aerosol counter. The Box Model silt loading method was then used to
quantify vehicle PM10 emission factors for heavy duty, medium duty, and motor vehicles. About 0.88km of
road within Bokamoso is paved with a daily traffic volume of >2000 and 3.6km is unpaved with >250 daily
traffic volume. Averaged paved roads emission factors showed a negative linear correlation function of vehicle
weight. Paved road PM10 emission factors ranged between 0.004-0.69 mg.m-3 (Heavy duty vehicles), 0.0260.84 mg.m-3 (Medium duty vehicles), and 0.12-1.09 mg.m-3 (Motor vehicles). While unpaved showed a positive
but nonlinear correlation for the emission factors as a function of weight. Unpaved road PM10 emission factors
ranged 0.5-1.61, mg.m-3 (Heavy duty vehicles) 0.17-0.78 mg.m-3 (Medium duty vehicles), and 0.18-1. 23 mg.m3 (Motor vehicles). The emission factors presented may be used to model vehicle traffic emissions, improve
on-road vehicle dust emissions impact assessment and as a guide when deciding on local applicable road
dust mitigation strategies.
Vehicle dust emissions, mitigation strategies, PM10, paved-unpaved roads

1. Introduction
Traffic re-suspended road dust is comprised of loose
soil particles that are released by moving vehicle
friction on paved or unpaved roads. Road emissions
can be line sources, when a single vehicle travels
over a distance or continuous line sources when
many vehicles closely packed together are moving
on the road (Alshetty & Shiva Nagendra, 2021).
Jones, (2000) estimated vehicle dust (PM10)
emission per vehicle from the unpaved road to be
0.534 kg/vehicle km with varying chemical
compositions depending on the road soil type. Lowincome residents (66.2%) commute every day
between 04:00-07:00 using buses, taxis, and private
cars to various destinations mostly work, and
schools (Schachtebeck & Mbuya, 2016). Peaks in
traffic activity are between 05:00-09:00, 13:00-14:00
and 17:00 to 21:00. traffic peaks result in hourly road
dust emission episodes within low-income
residential areas. A study characterizing respirable

indoor particulate matter in South African lowincome settlements reported traces of road dust
elements
inside
the
resident’s
homes
(Language,2020). Crustal soil was a major
contributor to the total indoor respirable PM
accounting for 34-45% in Agincourt, 13-16% in
Giyani, 32-55% in KwaZamokuhle, 9% in kwaDela,
and about 25% in Joubertin. PM from local sources
such as construction work, vehicles re-suspended
from unpaved roads and regionally transported
aerosols were reported to contribute between 19 to
65% to the total ambient fine and coarse particulate
matter concentrations (Muyemeki et al., 2021).
To date, South Africa does not have a published
on-road vehicle dust emissions inventory derived
from either a lab experiment setting or real-world
conditions. Therefore, the impact and exposure to
vehicle generated PM10 emissions cannot be fully
assessed and understood. The US-EPA-42
identified vehicle weight and speed as the major
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factors that govern vehicle road dust emissions. In
commercial areas traffic activity remains high
regardless of the weather conditions and time meet
transportation demands thus relatively high vehicle
road dust re-suspension can be expected. Vehicle
road re-suspension from close by industrial, mining
areas, unpaved household yards and road sidewalks
may be deposited and accumulate on the road
whether paved or unpaved. To identify which factor
should be controlled to effectively reduce paved or
unpaved road vehicle PM10 emissions, road dust
emissions behaviour per vehicle type, weight, speed
and traffic volume should be investigated. Also, the
current road status and traffic characteristics
(composition, averaged speed, and volume) per
road type should be correctly characterised. In
addition, an area’s land use characteristics have
compounded effect on traffic composition, speed,
and volume thus an integral factor to be considered
when deciding on area-specific applicable vehicle
road dust emission reduction strategies.
Studies have suggested that decreasing vehicle
speed and managing the type of vehicles travelling
on either paved or unpaved roads can significantly
reduce vehicle road dust emissions (Sehmel.1973,
Nicholson and Branson (1990). Extensive field
campaigns are required to fully understand vehicle
road dust loading and spatial and temporal
variability.
The primary aim of this study is to investigate on-road
vehicle PM10 emissions as a function of vehicle
weight, and traffic volume using empirical fieldbased measurements. The emission factors
presented in this article will be used to accurately
model vehicle traffic road dust in residential areas.
The reported emission factors add to dust source
emission inventory in South Africa and will reduce
uncertainties associated with mobile dust sources
and improve road dust particulate matter exposure
estimates.

2. Methods
2.1

Study
area
methodology

description

area within the Rustenburg Municipality selected for
the vehicle road dust monitoring campaign.
Bokamoso low-income residential area
is
characterised by unpaved roads, unpaved
household yards, open soccer fields, and close by
mining and industrial activities. Bokamoso’s land use
characteristics and high population density
(2724km-2) drive the traffic activity within the
residential area. The field road dust monitoring
campaign took place during summer. The
meteorological station reported average wind speed
was 1.5 m. s-1 with an ambient temperature of 25°C
and humidity of 42% during the campaign period.
2.2

Experimental setup and data collection
methods
The field dust monitoring campaign that aimed to
characterise traffic and quantify dust emissions from
paved and unpaved roads in Bokamoso took place
from 13th to 22nd October 2022 from 05:00h-21:00h
for six days. Three days paved road site and three
days unpaved road site. Particulate matter
concentrations
PM10
concentrations
were
monitored using a TSI DustTrak DRX® real-time
optical aerosol counter. A meteorological station
mounted with a rain gauge, temperature, humidity,
and wind sensor was set up next to the aerosol
counter to monitor meteorological conditions. A
traffic counter (Sierzega SR4) was used to capture
vehicle data (type, speed, direction, vehicle count).
The experimental was setup was positioned 2 m
from the road edge.
2.3

Data analysis methods

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

and

The North West province is located in a semi-arid
area and ranked third in South Africa in terms of
people living in poverty and lacking infrastructure
(Stats SA, 2016). It has a paved road network of
26% and 74% of unpaved roads (Department of
Public Works and Roads, 2019).
Bokamoso
(25.6728 S, 27.3455 E) is a low-income residential

A simple box mathematical model was used to
determine on-road PM10 emission factors as a
function of vehicle type, vehicle weight and vehicle
speed. The model is based on a mass balanced
principle using as seen in equation 1 (Font et al.,
2014). The source, in this case, the road “box” has a
(width), L (length) and H (height).
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q=

uh(𝑐−𝑏)
𝐿

Equation 1

where 𝑞= emission factor (kg.m-3); 𝑢=wind speed
(m.s-1); ℎ= height from the ground where the
measurements are taken (m); 𝑐= PM concentration
during peak periods (mg.m-3) 𝑏=PM concentration
during non-peak periods (mg.m-3) 𝐿= length of the
road segment for the sampling point (m)
The model assumes that (i) the particulate matter
emission rate from the source and airflow out the
“box” is constant and in equilibrium, (ii) the
concentration of the pollutant in the atmosphere is
well mixed and the airflow within the box is uniform
(ii) other atmospheric processes that lead to
secondary formation of particles and deposition by
gravitation are suspended and insignificant (Font et
al., 2014). Specific case studies from the vehicle
counter and DustTrak PM concentration and
meteorological datasets were selected to determine
the impact of vehicle mass on the PM emission
factors.

up to averaged 0. 8mg.m-3 with peak hours from
06h00-08h00, 10h00-13h00 and 15h30-19h30
(Figure 2). Unpaved roads show lower
concentrations compared with paved as multiple
unpaved roads (3.7kmm) networks feed traffic to the
double-line paved roads (0.9km).

3. Results
3.1

The road network in Bokamoso

Bokamoso has 81% (3.7km) of unpaved road
network and 19 (0.9km) is paved. The paved roads
are covered with asphalt with an even width of about
6 meters, starting at the residential area entrance
with a double-line road network that runs through the
residential area towards the exit. The residential
areas unpaved roads are bare soil rough surfaces
have multiple road networks with a varying width of
4-8 meters, highly connected and ultimately connect
to the paved road.
3.2

Traffic characteristics within Bokamoso

Bokamoso paved roads reported an average of
2 119 vehicles per day and a total of 6 357 in three
days. While unpaved roads have an average traffic
volume of 298 per day and a total of 896 in 3 days.
Medium-duty commercial and passenger vehicles
dominate unpaved roads while medium and heavyduty vehicles dominate paved roads. The PM10 and
traffic count graphs (Figures 1 and 2) show a strong
correlation between traffic density per hour and
concentration measured. Paved road monitoring
point shows higher concentrations up to averaged 2
mg.m-3 with peak concentrations between 05h0007h00: 09h00-11hh00.and 13h00-20h00 (Figure 2).
Unpaved road monitoring concentration peaks are
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Figure 1: PM10 concentration and traffic diurnal
patterns for paved roads in Bokamoso

and 0.18-1. 23 mg.m-3 (Motor vehicles). These
results agree with the results presented by Gillies et
al. (2005).

Figure 2: PM10 concentration and traffic diurnal
patterns for unpaved roads in Bokamoso

3.3 Paved and unpaved road emission
factors

Figure 3: The impact of vehicle weight on paved
and unpaved road PM10 emission factors.

PM10 emission factors for five vehicles per vehicle
class were calculated using the box model to
investigate paved and unpaved road PM10
emissions as a function of vehicle weight for the
different vehicle categories. Figure 3 shows a
positive but nonlinear correlation between averaged
unpaved road emissions PM10 emission factors and
vehicle weight. Unpaved road PM10 emission
factors ranged 0.5-1.61 mg.m-3 (Heavy duty
vehicles), 0.17-0.78 mg.m-3 (Medium duty vehicles),

Average paved roads showed a negative linear
correlation between emission factors as a function of
vehicle weight. Paved road PM10 emission factors
ranged between 0.004-0.69 mg.m-3 (Heavy duty
vehicles), 0.026-0.84 mg.m-3 (Medium duty
vehicles), and 0.12-1.09 mg.m-3 (Motor vehicles).
The emission factors have a limitation of being a
small sample size. Only seven case studies per
vehicle type were used to derived the averaged
emission factors as this was a real-world field
monitoring campaign and other variables that have
a significant impact on the emis emissions like
ambient wind speed and vehicle speed were difficult
to control. Unpaved road monitoring site had higher
emission factors but lower traffic density as there’s
multiple road networks. Paved road had lower
emission factors but higher traffic density as all
unpaved road newtorks within the residential area
feed traffic to paved road. Also, the box model
method tends to under or over-estimate emissions
calculated when the wind speed is extremely low or
high (Haustein et al., 2015).

4. Conclusion
More than 80 % of the roads in Bokamoso lowincome residential areas are unpaved and are a daily
source of particulate matter with peak emissions
reported during traffic rush hours. The residential
area has a high traffic activity which is driven by the
land use characteristics of the area. Bokamoso
paved roads reported an average of 2 119 vehicles
per day and a total of 6 357 in three days. While
unpaved roads have an average traffic volume of
298 per day and a total of 896 in three days.
Unpaved road PM10 emission factors ranged 0.5-1.
6 mg.m-3 (Heavy duty vehicles) 0.17-0.78 mg.m-3
(Medium duty vehicles), and 0.18-1.23 mg.m-3
(Motor vehicles). Paved road PM10 emission factors
ranged between 0.004-0. 69mg.m-3 (Heavy duty
vehicle), 0.026-0. 84 mg.m-3(Medium duty vehicles),
0.12-1.09 mg.m-3 (Motor vehicles). Vehicle road dust
emissions factors are also highly dependent on local
meteorological factors, vehicle traffic characteristics
and road conditions thus have high variability. One
certain relation was that unpaved roads reported
higher PM10 emission factors. On road vehicle road
dust emissions are highly variable as are governed
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by local meteorological factors, vehicle and land use
characteristics. Thus, the reported emission factors
are site and season specific. The authors
recommend a laboratory-based study to further
investigate the impact of vehicle characteristics on
road dust emissions.
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The implementation of climate change policies has the potential to help countries
simultaneously address air quality challenges. During the last two decades South Africa
has made significant advancements in developing its air quality and climate change
legislation. In this study, the alignment of national level legislation with local level policies
was investigated to ascertain opportunities for improved air quality management
planning. The policy review focused on existing South African air quality, climate change
and development policies that are likely to impact the trajectory of atmospheric emissions
in Johannesburg, Ekurhuleni, and Tshwane (JET). A range of national, sectoral and local
policies, strategies and plans that impact on air quality and greenhouse gas (GHG)
emissions were considered. It was found that there are often no timelines associated
with the implementation of interventions listed in sectoral policies and often no set targets
for emission reductions. In the absence of Sectoral Emission Targets, the Integrated
Resource Plan, Post 2015 National Energy Efficiency Strategy, Green Transport Policy
and Carbon Tax Act, are likely to drive the GHG emissions trajectory of the country and
in doing so, air pollution emissions. AQMPs can be used to bridge the gap between
broader climate change sectoral targets, which take a long-term view, and local air
quality needs. However. AQMPs need better implementation and enforcement,
particularly when the climate change mitigation co-benefits for air quality are still mostly
‘theoretical’.
Keywords: Air quality, Climate Change, Policy Review, Emissions.

1. Introduction
Climate policies that focus on reducing
greenhouse gases (GHGs) may also reduce
emissions of air pollutants, given their shared
sources. Strategies that aim to reduce short-lived
climate pollutants (SLCPs) can support both climate,
air quality and sustainable development benefits.

Agenda 2063 is a framework that aims to
deliver on sustainable development goals for the
African continent (African Union Commission,2022)
. These include improving health outcomes and
eradicating poverty amongst others. Reducing air

pollution is key to improving health outcomes and
will also be beneficial in terms of meeting
international climate change commitments,
potentially through reducing SLCPs. Achieving
the goals of Agenda 2063 as well as improving air
quality and mitigating climate change will require
an intensification of implementation of policies,
plans and measures.
As the largest emitter of GHG emissions on the
continent, South Africa has made significant
advancements in developing air quality and climate
change policies. However, climate policy and air
quality policy planning often occur independently of
each other and are focused on different timescales.
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Whilst most studies place an emphasis on
quantifying potential co-benefits from interventions,
less attention has been placed on the policy context
and opportunities for alignment of local Air Quality
Management Plans (AQMPs) and climate or sectoral
policies.
The Johannesburg, Ekurhuleni, and Tshwane
(JET) region is the most populous region in the
country and has significant policies and measures in
place to address air quality and climate change. This
paper presents a policy review of existing South
African air quality, climate change and development
policies that are likely to impact the trajectory of
emissions in the JET region and highlights gaps and
opportunities toward the development of an effective
air quality and climate change response.

2. Policy Review Approach
A range of national and sectoral policies,
strategies and plans that impact on air quality and
GHG emissions were considered. Policies were
reviewed for energy, residential burning, transport,
waste, industry and agriculture. Provincial and local
climate and air quality policies were also reviewed.
All policies were reviewed from the perspective of
future emission targets and scenarios. These are all
likely to have an impact on the future emissions in
the three metros. Policies that had emission
reduction targets prior to 2020 were not included in
the review.

3. Review
3.1

Overarching National Legislation

The National Development Plan (NPD) provides
the overarching context for environmental
improvement and sustainable development in the
country. Proposed interventions include an
investment in low-carbon and climate-resilient
infrastructure; various incentive frameworks and a
suite of comprehensive carbon-pricing policies that
will have catalysed high levels of private investment
in mitigation and adaptation activities and generated
public resources for reducing emissions. Key
legislation that contributes to shaping the response
to both air quality and climate change in the country
are unpacked in this section.

3.2

National Climate Change and Air
Quality Policies and Measures

The National Climate Change Response Policy
(NCCRP) White Paper is South Africa’s
comprehensive plan to address mitigation and
adaptation over the short, medium and long term.
The climate change mitigation trajectory has been
shaped by research through the Long-Term
Mitigation Scenarios (LTMS) and the Mitigation
Potential Assessment (MPA). The NDC was first
submitted in 2015 and the updated 2020 NDC was

submitted to the UNFCCC in June 2021. The NDC
is primarily focused on traditional GHG emissions.
Broad mitigation ambition in the form of a peak,
plateau and decline of the country’s GHG emissions
trajectory range. The NDC outlines that the country’s
emissions will be in the range of 398 and 614 Mt CO 2
by 2025 and 2030.
Achieving these targets will require a major shift
towards renewable energy over the next decade and
will result in reduced air pollution in key air pollution
hot-spots (particularly for those communities in
proximity to the coal-fired power stations).
The Carbon Tax Act No 15 of 2019, came into
effect from 1 June 2019. Together with the NDC, the
Carbon Tax Act plays an important role in ensuring
that South Africa meets its targets. The Carbon Tax
Act carry’s out the polluter-pays-principle and
ensures that firms and consumers take externalities
into account in their production, consumption and
investment decisions (National Treasury, 2019).
Firms are given incentives to adopt cleaner
technologies.
The Draft Climate Change Bill was tabled in
Parliament on the 18 February 2022 and is yet to be
finalised. It sets out a harmonised response to
climate change and is based on the principles of
cooperative governance. The Bill provides for the
establishment of a framework to set carbon budgets,
sectoral emission targets and a national emission
reduction trajectory. It gives a greater mandate to
local governments to plan for and respond to local
climate change challenges. (UN Habitat, 2020).
The National Environmental Management: Air
Quality Act (NEMAQA) was promulgated in 2004
and seeks to protect and enhance air quality in the
country. It is also the legislation under which GHG
reporting regulations and pollution prevention plans
were developed. A significant aspect of NEMAQA is
the devolution of responsibility to local authorities for
aspects of air pollution control. As such, local
municipalities are mandated to have AQMPs, the
goals of which are often aligned with the
requirements of the NEMAQA.
The National Framework for Air Quality
Management sets out a plan to achieve the
objectives of AQA. The framework comprises
ambient air quality standards and emission
standards for priority pollutants. Should the need
arise, the NEMAQA allows local governments to
develop their own standards that are stricter or that
address additional pollutants.

3.3 Sectoral Emission Targets
Sectoral Emission Targets (SETs) for the key
polluting sectors, are the mitigation part of the NDC
and this will be established through the Low
Emission Development Strategy (LEDS). The
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Department of Forestry, Fisheries and Environment
(DFFE) has undertaken a study to understand the
impact of Policies and Measures (PAMs) (the final
report is not publicly available) on the attainment of
the SETs.
In the absence of the SETs being defined, the
key sectoral policies were reviewed to provide an
indication of the key priorities, goals and targets that
may influence the atmospheric emissions from
residential burning, transport, industries and the
agricultural sector in the near-to-medium future (up
to 2030).
3.3.1 Residential Burning
Three policies stand out when reviewing policies
that will influence emissions from residential fuel
burning. These are (1) The Department of Energy’s
Integrated National Electrification Program which is
aiming for universal access to electricity by 2025, (2)
the Strategy to Address Air Pollution in Dense Low
Income Settlements (DEA,2018) and the the
Medium-Term Strategic Framework (MTSF), 20192024, which also mentions upgrading informal
settlements. However, further research is needed to
determine the impact of these programs.
3.3.2 Transport
The Green Transport Strategy (2018) aims to
support reductions in the contribution of the transport
sector to national GHG emissions. Interventions in
the strategy include local electric vehicle and battery
production and roll out of solar powered charging
stations; continued use of fuel economy norms and
standards for fuel efficiency and reduced GHG
emissions of vehicles; and facilitating a shift of freight
from road to rail. Targets include ensuring that South
Africa has environmentally sustainable low carbon
fuels by converting the public and national sector
fleet to cleaner alternative fuel and efficient
technology vehicles and ensuring a modal shift from
road to rail transport by encouraging a shift for freight
transport, from road to rail, and a shift of passenger
transport from private cars to public and eco-mobility
transport.
3.3.3 Waste
The National Waste Management Strategy
(NWMS) 2020 is broadly focused on preventing
waste and diverting waste from landfill.
Some of the targets associated with NWMS are
to achieve zero waste going to landfill in a phased
approach: 40% reduction of waste going to landfills
in 5 years; 55% reduction of waste going to landfills
in 10 years and a 70% reduction in waste going to
landfill in 15 years.
3.3.4 Industry
The Integrated Resources Plan (IRP) (DoE,
2019) provides an update on South Africa’s efforts to

diversify its energy mix and reduce the reliance on
coal. It is associated with the following objectives:
•
Reduce the extensive utilisation of
diesel peaking generators in the immediate to
medium term.
•
Extend Koeberg power plant design
life by another 20 years.
•
Support Eskom to comply with
Minimum Emissions Standards (MES) over
time.
•
Decommission approximately 24
100 MW of coal power plants between 2030
and 2050.
•
Develop gas infrastructure is
supported by the Integrated Resource Plan,
2019, in addition to new gas to power capacity
that has been made available and converting
existing diesel-fired power plants to gas.
The Post-2015 National Energy Efficiency
Strategy (DoE, 2016b) aims for the following by
2030: A 10% reduction in weighted mean specific
energy consumption in manufacturing by 2030
relative to a 2015 baseline and a cumulative total
energy saving of 40 PJ arising from specific energy
saving interventions undertaken by the mining
sector.
The Carbon budgets and pollution prevention
plans that industries are required to compile are
associated with reduced air pollution due to the
mitigation of fossil fuel combustion for energy
generation purposes.
3.3.5 Agriculture
Policies in the AFOLU sector do not often have
emission reduction targets, as the policies are not
focussed on mitigation but rather biodiversity and
sustainability and increasing carbon sinks. Policies
that have been identified but with no targets are the
Draft Climate Change Sector Plan for Agriculture,
Forestry and Fisheries (DAFF, 2015b); Draft
Conservation Agriculture Policy (DAFF, 2018);Draft
Climate Smart Agriculture Strategic Framework
(DAFF, 2018a); DAFF 2015/16 to 2019/20 Strategic
Plan (DAFF, 2015a) and the Integrated Growth and
Development Plan (DAFF, 2012).

3.4

Air Quality Management and Climate
Action Plans

AQMPs provide information on Provincial and
Municipal level plans to improve air quality and their
timelines are often short (i.e. 5 years). A common
goal in AQMPs is to comply with NAAQS. Climate
action plans (CAPs) are similar to AQMPs in their
structure, but the focus is on the reduction of GHGs
and steps to achieve those goals.
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Many AQMPs have identified key sectors to
target with emission reductions. However, not all
have quantitative emission reduction goals. There
are some common sectors identified as priorities
across the cities, but there are differences in the
sectors that are prioritised for intervention. Some of
the goals in the City’s CAP, could also contribute to
the achievement of air quality targets.
3.4.1 Provincial AQMPs
In the Gauteng AQMP (GDARD, 2018) key
sectors were identified for emission reduction,
including, mining; industry and transport but no
quantitative emission targets were indicated. The
Vaal Triangle Airshed Priority Area (VTAPA) AQMP
(DFFE,2020), used an integrated assessment model
(GAINS) and CAMx, a chemical transport model, to
assess the potential of emission reduction scenarios
for reducing health impacts of air pollutants.
However, even with relatively strict emission
reduction measures in place, compliance with the
NAAQS remains unattainable.
3.4.2

Municipal AQMPs and Climate
Action Plans
The AQMP for the City of Joburg’s (CoJ, 2019)
vision is to achieve acceptable air quality levels in
the city. This vision aligns with overarching national
air quality legislation, to regulate sources within the
City. Prioritised sectors for emission reductions are
domestic fuel burning, industry, vehicles, and dust
from tailings storage facilities (TSFs). Specific
emission reductions from vehicles and TSFs were
modelled for the AQMP. Public transport measures
had little impact on air quality due to increasing
number of vehicles.
The City of Johannesburg has committed to
adopting a CAP aligned with the aims and targets of
the Paris Agreement (CoJ, 2021). The CAP sets out
a framework for reducing GHG emissions in the City.
Scenario modelling was conducted to determine
possible pathways to achieve a net-zero carbon
emissions goal by 2050. The City of Johannesburg
has committed to the following emission reduction
targets: 25% by 2030, 75% by 2040 and 100% (netzero carbon emissions) by 2050, when compared to
a 2016 baseline.
The City of Tshwane AQMP (CoT,2019)
recognizes that ambient air quality does not comply
with NAAQS for some pollutants. Prioritized
sectors/sources for emission reductions include
motor vehicles, clay brick manufacturing, industrial
processes, 2 power stations, informal burning of
waste, domestic burning and biomass burning. The
goal is to ensure that emission reduction
interventions for sector specific sources result in
improvements in ambient air quality

The Climate Action Plan (CoT,2021) - models
GHG emission scenarios using the C40 pathways
tool (focus on transport, renewables and building
energy). The results of the modelling have not been
published yet.
The overall objective of the AQMP for the City of
Ekurhuleni is that ambient air quality in the city
complies with the NAAQS and is maintained for
current
and future generations
(City
of
Ekurhuleni,2020). The Ekurhuleni AQMP aims to
reduce industrial emissions to achieve compliance
with applicable emission standards, and ambient air
quality standards at fence-line, and dust fallout limit
values by 2025.There are also goals around
emission reductions for domestic fuel burning,
agriculture, waste, veld burning and mining.

4. Discussion
Sectoral plans typically expand up to 2030 to
align with the NDP. Key national air quality and
climate change policies provide the legislative
means to attain the environmental goals envisaged
by the NDP. While the role of emission reduction
technologies is recognized in some sectoral policies,
there are often no timelines associated with
implementation and often no set targets.
The SETs are meant to provide guidance on
sectoral emission reductions needed to support
achieving the NDC mitigation goals. In their
absence, the IRP (2019), Post 2015 National Energy
Efficiency Strategy, Green Transport Policy and
Carbon Tax Act are likely to drive the GHG trajectory
of the country and in doing so, air pollution
emissions.
AQMPs fill the gap between broader sectoral
targets and local air quality needs. While priority
sectors have been identified, not all have quantified
emission targets. The city level AQMP and Climate
Action Plans target actions within 5 year periods, that
will impact emissions within the geographical
boundaries of the city and account for the role of
long-range transport of pollutants.
Several limitations/gaps in the current set of
National, sectoral and municipal emission reduction
policies relevant to the emissions trajectory in the
JET region, were identified in this review. National
and sectoral policies lack quantifiable targets and
adopt a longer-term view to the reduction of GHG
and air pollution emissions. While this makes sense
when considering GHGs, it ignores the low hanging
fruit of reducing SLCPs, which are also air pollutants.
The recent World Bank funded Air Quality
Management planning project for the JET region
used integrated assessment modelling to consider
air quality and climate co-benefits. Such studies
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provide an evidence base upon which to develop
more integrative planning responses.
AQMP planning thus needs to be expanded to
include milestones that can support longer term
climate and sectoral policies, particularly by focusing
on opportunities through reductions in SLCPs. This
allows AQMP’s, whose interventions are largely
underfunded, to leverage resources from better
funded climate change planning and better align to
aspirations within sectoral planning (e.g., in the
waste and transport sectors).
National, provincial and local policies should be
used as the basis for understanding the emission
reductions that are possible, to identify gaps and the
need for additional policies that could specifically
harvest co-benefits, particularly those around
reducing SLCPs.

5. Concluding remarks
This policy review highlights gaps in existing
South African air quality, climate change and
development policies that are likely to impact the
trajectory of emissions in Johannesburg, Ekurhuleni,
and Tshwane .
Emissions trajectories in JET are driven mainly
by transport, electricity generation (through transboundary effects) and the industrial sector. While
there are common emission reduction goals
between air quality and climate change mitigation
policies that will influence the emissions in the JET
region, they often differ in timelines, with climate
change mitigation policies adopting a long-term
view, largely due to the longer atmospheric lifetimes
of GHGs. However, there are several SLCPs that
can be addressed through municipal air quality
management plans, which typically cover 5-year
periods. Future air quality management planning
should be expanded to include quantifiable targets
for SLCPs in the short-term and also support longer
term goals as described in national and policies.
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Environmental offsets are alternative actions (investments or initiatives) made to
measurably mitigate the residual negative environmental impacts of an industrial activity.
Thus, the use of offset mechanisms is important in the field of air quality management.
For Eskom’s Air Quality Offset Programme, air quality offset interventions to reduce
residential fuel burning will be rolled out in Ezamokuhle, Mpumalanga. A status quo
winter baseline sampling campaign was conducted for Ezamokuhle. The study used
MiniVolTM samplers that were developed by the Lane Regional Air Pollution Authority and
the US Environmental Protection Agency (USEPA) to characterize the spatial and
temporal distributions of ambient PM10 and to evaluate compliance with the NAAQS
(National Ambient Air Quality Standard). The measured PM10 concentrations at the 5 sites
were generally in non-compliance with the daily NAAQS for PM10. The PM10 morning and
evening peaks were associated with residential fuel burning whilst the midday peak was
indicative of a tall-stack emission source. The OpenAir statistics software was used as an
analysis tool and indicated that the highest PM10 concentrations occurred in the mornings
and evenings as opposed to midday. This indicates that residential fuel burning has a
significant impact in terms of ambient PM10 loading for Ezamokuhle during winter.
Additionally, the results of the bivariate polar plots showed that there was a clear
dependence of elevated PM10 concentrations with decreasing ambient temperature.
Further, it was noticed that the residential fuel burning emissions emitted from the
household chimneys had a very low plume momentum and buoyancy which resulted in
localised ground level PM10 concentrations. This coupled with the colder temperatures
and the poor air pollution dispersion potential of Ezamokuhle in winter, results in elevated
localised ambient PM10 concentrations. Hence there is an opportunity herein to reduce
human exposure to elevated levels of air pollution by reducing emissions from residential
burning. Thus, supporting the roll-out of Eskom’s air quality offset intervention project in
Ezamokuhle.
Keywords: Eskom, Air Quality Offsetting, Winter, Active samplers, PM10, Ezamokuhle

1. Introduction
Environmental offsets are alternative actions
(investments or initiatives) made to measurably
mitigate the residual negative environmental impacts
of industrial activity. Offsets should deliver a net
sustainable development benefit, through an

appropriately balanced assessment of the 5 Capitals:
Natural/Environmental; Social, Human; Financial and
Manufacture. Thus, the use of offset mechanisms is
important in the various areas of air quality
improvement, water use (consumption and
discharge), greenhouse gas mitigation and
biodiversity.
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Eskom’s air quality offsets programme is designed
to reduce human exposure to harmful levels of air
pollution by reducing emissions from local sources,
like domestic coal burning and waste burning. Thus,
air quality offsets can improve ambient air quality in
low-income communities in the vicinity of Eskom’s
power stations (Matimolane,2020).
The township of Ezamokuhle (Figure 1), which is
located within a proximity to the Majuba Power
Station, has been earmarked by Eskom for the
rollout of air quality offset interventions. Ezamokuhle
is divided into six sections namely: China 1, China 2,
Jabavu, Roestein, Smallville and Phumlani
(Nkambule, 2016) (Figure 1).
For this study, a preliminary air quality assessment
was undertaken for Ezamokuhle to quantify PM10
ambient air quality concentrations as well as to
determine possible exceedances of the NAAQS for
PM10.

container whereas passive sampling does not. This
study used five MiniVOLTM (Figure 2) samplers that
were developed by the Lane Regional Air Pollution
Authority and the US Environmental Protection
Agency (USEPA) to characterise the spatial and
temporal distributions of ambient particulate matter
(Airmetrics, 2001). In the particulate matter sampling
mode, air is drawn through a particle size selector
and then through a filter medium (Airmetrics, 2001).
Particle size separation is achieved by impaction
(Airmetrics, 2001). Baldauf et al., (2001) conducted a
performance evaluation of the MiniVOLTM Portable
Air Sampler. The results of the study demonstrated
that the MiniVOLTM produced statistically reliable
results when co-located with a Versatile Air Pollutant
Sampler (VAPS) and a Tapered Element Oscillating
Microbalance (TEOM) analyser.

Figure 2: MiniVolTM Portable Air Sampler

Figure 1: Locality Map for Ezamokuhle, Mpumalanga
(Google Earth,2022)

2. Methodology
2.1 Sampling
Active sampling requires the use of a pumping
device to actively pass air through an air sample

The location and the positioning of the MiniVolTM
samplers were informed based on the results of a
dispersion modelling study (ARM, 2021a).
Based on this study, the prioritisation of air
quality hotspots for Ezamokuhle was ranked based
on highest predicted impacts. This ensured that the
areas that potentially pose the greatest particulate
matter risk to human health and the environment
were identified for optimum placement of the active
ambient air quality analysers. Thus, for the active
measurement campaign, 5 MiniVolTM sampling sites
were selected (Figure 3). The samplers were
distributed across this area to capture the spatial
distribution of PM (particulate matter).
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2.3 Quality Assurance and Quality Control
(QA/QC) Of The Measurements

Figure 3: Location of MiniVOLTM Sampling Locations
in Ezamokuhle (Google Earth,2022)

The sampling campaign was conducted for 11
days, from 9th August 2021 to 20th August 2021 at
the 5 sites (Figure 3). PM sampling was done using
AirMetrics MiniVOLTM samplers collecting PM10. The
MiniVOLTM samplers were programmed to sample
at 5 lpm (litres per min) through PM10 particle size
separators (impactors) and then through Whatman
Teflon (2 μm pore size) filters.
The actual flow rate was 5 lpm at ambient
conditions for proper size fractionation. To ensure a
constant flow of 5 lpm through the size separator at
different air temperatures and ambient pressures,
the sampler flow rates were adjusted for the ambient
conditions at the sampling site. The sampling time
was twenty-four hours per sample, with the sampling
filter being changed daily. The samplers were placed
with nozzles at the height of the breathing zone.

2.2 Analysis
An accredited World Meteorological Organisation
(WMO) atmospheric chemistry laboratory prepared
and analysed the Whatman Teflon filter papers. The
Whatman Teflon filter papers were supplied ready
for use in a sealed petri dish. After sampling, the filter
papers were retrieved and were placed in petri slides
and sealed. The filters were then returned to the
accredited WMO atmospheric chemistry laboratory
for weighing and analysis. Only gravimetrical
assessments were done on the filters (no chemical
analysis was done on the particulate matter). The
filters were weighed on a balance before the
sampling and again after the sampling. The mass
and the concentration of the particulate matter that
was collected over a 24-hour period in the ambient
air were then determined.

In support of the QA/QC of the measurements,
the following steps were undertaken:
i.
An accredited World Meteorological
Organization (WMO) atmospheric chemistry
laboratory with its own quality assurance
and control measures was used.
ii.
Operation and maintenance procedures
utilized during the study conformed to the
guidelines recommended by the Airmetrics
manufacturer (Airmetrics, 2001).
iii.
Filters were weighed before exposure as
well as visually inspected of the was made
over a light before each sampling period, to
make sure that the filters did not have any
contamination.
iv.
The filters were always handled with plastic
tweezers and whilst wearing surgical gloves.
v.
The filters were exchanged after each day of
sampling on the site, taking care not to let
any of the loose particles fall from the filter.
vi.
After the filters had been collected at the
sites, the filters were placed in petri slides
and sealed.

3. Results and Discussion
3.1 Comparison of Minivol Measurements
at Ezamokuhle to NAAQS
The PM10 concentrations that were measured at
the five sites over the sampling campaign were
compared to the daily NAAQS for PM10. Table 3
provides an overview of the NAAQS compliance
status for each day that the PM10 measurements
were undertaken.
Table 1: Compliance status of measured
concentrations in Ezamokuhle to the NAAQS for
PM10
Date

Day

Site 1

Site 2

Site 3

Site 4

Site 5

09-Aug

Monday

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

10-Aug

Tuesday

Compliant

Non-Compliant

Compliant

Compliant

Compliant

11-Aug

Wednesday

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

12-Aug

Thursday

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

13-Aug

Friday

Compliant

Non-Compliant

Compliant

Non-Compliant

Non-Compliant

14-Aug

Saturday

Compliant

Non-Compliant

Compliant

Non-Compliant

Compliant

15-Aug

Sunday

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

16-Aug

Monday

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

17-Aug

Tuesday

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

18-Aug

Wednesday

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

Non-Compliant

19-Aug

Thursday

Non-Compliant

Non-Compliant

Non-Compliant

Compliant

Compliant

20-Aug

Friday

Compliant

Compliant

Compliant

Non-Compliant

Compliant
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3.2 Spatial Distribution of Pollutants in
Ezamokuhle

3.3 Temporal Variability

Figure 4 illustrates the colour variation of the filters
which were collected on the same day. Colours
varied from clear, light brown, dark brown to very dark
grey. This trend was evident throughout the sampling
campaign indicating that the ambient PM pollutant
concentrations in Ezamokuhle vary both spatially and
in terms of PM concentration levels.

Figure 4: Colour variation of collected PM filter
samples for the same day of sampling

Figure 6 shows the time series (mean with 95%
confidence interval) of ambient daily PM10
concentrations measured at the Eskom Ezamokuhle
ambient air quality station for the period 9th to 20th
August 2021, with the data obtained from the Eskom
Research, Technical and Development department.
The data displayed through the OpenAir software
uses a function that allows the user to see how
concentrations vary by hour of the day and day of
the week. Figure 6 displays the average hourly
pollutant concentrations, weekly pollutant average
divided into a daily Monday to Friday chart, and
monthly pollutant averaging chart for the period 9th
to 20th August 2021. The particulate matter morning
peak occurs at 07:00 whilst the evening peak occurs
at 18:00. This is a typical profile for residential fuel
burning (Fridge, 2004). The morning peaks reduces
towards midday as the inversion layer rises and
improves the mixing height of the planetary
boundary layer. It’s evident there is a third less
pronounced peak that occurs around midday due to
the break-up of an elevated inversion layer, in
addition to the development of daytime convective
conditions causing the plume from tall stack
emission sources to be brought down to ground
level.

To spatially map the measured PM10
concentrations measured at Ezamokuhle, a Krigging
algorithm interpolation was applied herein using the
grid-based mapping program, Surfer. These results
indicated that the measured PM concentrations were
generally the highest at the centre of China 2,
Ezamokuhle (Figure 5) for the sampling campaign.
China 2 has a higher density and spatial
conglomeration of residential fuel burning emission
sources in comparison to the other areas of
Ezamokuhle (ARM, 2021b).

Figure 6:OpenAir Mean daily PM10 pollutant
concentrations for the period 9th August 2021 to
20th August 2021 in μg/m3 for the Eskom
Ezamokuhle ambient air quality station

Figure 5: Isopleth map showing spatial distribution
of measured PM10 concentrations in μg/m3 for 10th
August 2021 plotted in Surfer (Golden
Software,2022)

A comparison of the trend level plot (Figure 7) for
the period 9th to 20th August 2021, clearly indicates
that the highest PM10 concentrations occur at 07:00
and at 18:00 (residential fuel burning) rather than at
midday (tall stack emission source). This indicates
that residential fuel burning had a significant impact
in terms of ambient PM10 concentrations for
Ezamokuhle for the winter sampling period.
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Figure 7: OpenAir Trend level plot for PM10
measured at the Eskom Ezamokuhle ambient air
quality station for the period 9th August 2021 to
20th August 2021

3.4 Emission Source Contribution
The emission performance of an individual airpollution source can be inferred from an ambient
record by isolating its signal of impacts. Numerous
studies (Carslaw, 2007; Malby et al., 2008; Shu et
al., 2017) have demonstrated that these signals can
successfully be used for source attribution. A
common method for source characterisation is the
use of bivariate polar plots (Carslaw et al., 2006;
Westmoreland et al., 2007; Carslaw and Beevers,
2013; Tellaetxe and Carslaw, 2014).
For the duration of the winter sampling campaign,
it was apparent that there was a clear dependence
of elevated PM10 concentrations with decreasing
ambient temperature. For the 10th, 13th, 14th, and
15th of August 2021, the highest PM10
concentrations were recorded during the coldest
ambient temperatures (Example in Figure 8) (See
Appendix A). Whilst for the other days of the
sampling it was evident the elevated PM10 pollutant
concentrations were associated with both high and
low temperatures (Example in Figure 9) (See
Appendix A). PM10 concentrations were elevated
with increasing temperature as dispersing plumes
from tall stacks are brought down to ground level
under unstable atmospheric conditions when
thermal turbulence is increased. Additionally
elevated PM10 concentrations for this period are also
associated with low temperatures, which results
from residential fuel burning.

Figure 8: OpenAir Polar plot function for the mean
PM10 concentration plotted against temperature at
the Eskom Ezamokuhle air quality station for 13th
August 2021

Figure 9: Openair Polar plot function for the mean
PM10 concentration plotted against temperature at
the Eskom Ezamokuhle air quality station for 12th
August 2021

On the coldest days, it was evident that the
elevated PM10 concentrations in Ezamokuhle were
primarily due to residential fuel burning. This was
clearly visible as Air Resource Management (Pty)
Ltd (ARM) noticed numerous: Mbaula’s burning
(Figure 10), residential chimney stack emissions of
both formal (Figure 11) and backyard informal
homes, coal merchants (Figure 12) and wood
merchants (Figure 13) in Ezamokuhle during these
coldest days.
Additionally, ARM noticed that the residential fuel
burning emissions emitted from the household
chimneys have a very low plume momentum and
buoyancy (Figure 14) thus resulting in localised high
ground level concentrations. It was interesting to
note that due to the poor dispersion of the chimneys,
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very often it was the adjacent neighbouring
household that was directly impacted by this plume.
Based on the field observations it was very clear to
ARM that although Ezamokuhle is a relatively small
area (~2.5km by 1.3km) the PM10 pollutant
concentration profile for the township is not
homogenous but rather heterogenous. This was also
confirmed by the spatial distribution of the MiniVOL
PM10 pollutant concentration results.

Figure 12: Mobile coal merchants in
Ezamokuhle during the coldest days of the
sampling campaign

Figure 10: Mbaulas been burnt during the coldest
days of the sampling campaign

Figure 13: Wood merchants in Ezamokuhle
during the sampling campaign

Figure 11: Residential fuel burning emissions from
formal households

Figure 14: Poor dispersion from
residential chimneys (low plume
centreline)
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4. Conclusions
In summary the active measurement campaign
has demonstrated that the ambient PM10 pollutant
concentrations varied both spatially and magnitude
in winter at Ezamokuhle. Measured PM10 ambient
concentrations were generally in non-compliance
with the daily NAAQS for PM10. The study results
have indicated that residential fuel burning has a
significant impact in terms of ambient PM10 loading
for Ezamokuhle. This coupled with the colder
temperatures and poor air pollution dispersion
potential of Ezamokuhle in winter, results in elevated
localised ambient PM10 concentrations. Hence there
is an opportunity herein to reduce human exposure
to harmful levels of air pollution by reducing
emissions from residential burning. Thus, supporting
the roll-out of Eskom’s air quality offset intervention
project in Ezamokuhle.
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An exploratory assessment of the effect of urban form metrics and land cover on air
quality in Gauteng
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Gauteng is the economic hub of the country and the most populous province with a population of
approximately 15 million people. It contains the megacity conurbation of Tshwane-JohannesburgEkurhuleni. Its domain is at the centre of three areas declared as priority areas for air quality
management Urban form describes the physical characteristics of an urban area including its
shape, size and configuration and can affect air quality levels. In this paper, two urban form
metrices were assessed which are the centrality index and urban compactness for the city of
Johannesburg. Johannesburg has numerous patches dispersed around its Central Business
District (CBD) which leads to vehicles having to travel a long distance to reach the CBD and more
tail pipe emissions. The city has a low compactness index which is associated with slow and
inefficient driving that leads to more emissions. Also, the inner city of Johannesburg has a gridblock street type that leads to numerous stops and goes and high emissions. The distance to the
city’s CBD from the surrounding urban patches is long and vehicles have to travel a distance to
reach the city centre leading to increased tailpipe emissions. The city has a low compactness
index which is associated with slow and inefficient driving that increases emissions. Also, the
inner city of Johannesburg has a grid-block street type that leads to numerous stops and goes
resulting in high emissions. Landcover was overlaid data with PM2.5 concentrations derived from
ambient air quality monitoring stations, socio-economic regression model and remote sensing to
evaluate the association of different land cover with PM2.5 concentrations. Based on the findings,
there is no clear evidence suggesting an association between specific land covers and PM2.5
concentrations. For this association to be properly assessed a land use regression model should
be developed.
Key words: Air quality; Gauteng; urban form metrics, land cover

1

Introduction

Gauteng is the economic hub of the country and
generates about 30% of the country’s GDP
(uMoya-NILU, 2017). It is the smallest and most
populous (16.1 million people) province (StatsSA,
2019). The province suffers from poor air quality
which is attributable to industrial activities,
domestic fossil fuel combustion and vehicle
emissions (Tyson et al. 1988; Liebenberg-Enslin
et al. 2012; uMoya-NILU, 2017). The province is
situated between the three areas declared as air
quality priority areas.

Air pollution concentrations in Gauteng are highly
variable both spatially and temporally due to the
diversity of sources, and the influence of
topography, synoptic systems and local
meteorology on the transport, transformation and
deposition of pollutants. Significant sources of air
pollution in the province include vehicles,
industrial and mining activities and domestic fuel
burning, with each source dominant in certain
areas (Arowosegbe et al. 2021; Zhang et al.
2021). The meteorological conditions within the
province are typically poor for dispersion of air
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pollutants with stagnant conditions, nocturnal
inversions and recirculation of pollutants being
common in winter (Tyson et al. 1988; Swap et al.
1996; Freiman & Tyson, 2000).
Air quality dynamics and chemistry have been
assessed in the Gauteng province and the
surrounding priority areas (Hersey et al. 2015;
Feig et al. 2016; Venter et al. 2016; Gary, 2019;
Feig et al. 2019; Govender & Sivakumar, 2019).
There are a total of 20 ambient air quality
monitoring stations in Gauteng, but the data
availability from these stations is often poor
(Zhang et al. 2021). Over time, methodologies
used to assess the regions’ air quality have
evolved to rely on supplementary datasets such
as satellite retrievals, which are easy to access
and cover the whole area (Sivakumar et al. 2010;
Hersey et al. 2015; Sundström et al. 2015;
Shikwambana et al. 2020). Recent studies use a
combination of datasets including satellite
retrievals, land use regression models, and
central neural networks together with ground
monitoring stations to assess ambient pollutant
concentrations (Sivakumar et al. 2010; Hersey et
al. 2015; Sundström et al. 2015; Shikwambana et
al. 2020).
In this paper, the air pollution sources and
meteorology affecting air pollution concentrations
in Gauteng is provided. An exploratory
assessment is then performed on the possible
link between urban form metrics (centrality and
compactness) and land cover with air quality
(PM2.5 concentrations).

2

Air quality in Gauteng

The
Gauteng
province
contains
the
Johannesburg-Ekurhuleni-Tshwane conurbation,
with Johannesburg being the most populous city
in the country and Ekurhuleni the most
industrialized region in the province. The province
has a mixture of land uses including built-up
areas, agriculture, grassland, mining and
industrial areas (Figure 1). Parts of Gauteng are
included in the Highveld Priority Area
(Ekurhuleni) and the Vaal Triangle Airshed
Priority Area (including Soweto, Vanderbijlpark
and Vereeniging).

Figure 1: Land cover in the Gauteng study area
(DEFF, 2016).

2.1

Significant sources of air pollution

Vehicle exhaust emissions, domestic fossil fuel
combustion and industrial emissions have been
identified to be the main sources of air pollution
within Gauteng (Arowosegbe et al. 2021). The
waste heat and exhaust emissions from vehicles
and industrial areas can cause warming in cities
causing formation of microclimates (Arowosegbe,
et al. 2021).
Vehicle emissions are a growing problem in
South Africa with approximately 40% of the
country’s vehicles operating in Gauteng (uMoyaNILU, 2017). The population of vehicles is
increasing with a significant proportion of these
vehicles being old and poorly maintained and this
results in excessive emissions (uMoya-NILU,
2017). According to the Gauteng Air Quality
Management plan 10% of South Africa’s vehicles
population is estimated to contribute 50% of the
emissions (Liebenberg-Enslin et al. 2012).
The Johannesburg-Pretoria conurbation, has
diurnal NO2 peaks in the morning and late
afternoon based on data obtained from ambient
air quality monitoring stations. These peaks
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coincide with traffic hours and domestic
combustion (Arowosegbe et al. 2021). During
these peak times, NO2 has been observed to be
higher than that in the industrialised Highveld
(Arowosegbe et al. 2021). Satellite retrievals
overlook these peaks because they have fixed
local overpass time that does not coincide with
these peak times (Arowosegbe et al. 2021).
Industrial activities and coal-fired power stations
are significant sources of air pollution in the
eastern region of Gauteng. PM from industrial
areas (waste incinerators and steel mills) contain
potentially carcinogenic heavy metals such as
cadmium and chromium (uMoya-NILU, 2017).
Domestic fossil fuel combustion is a significant
local source of PM in townships that is prominent
in the winter period (Balmer, 2007). Domestic
fossil fuel is detrimental in that it leads to indoor
air pollution exposure (Burnett et al. 2014;
Wernecke et al. 2015). Exposure is a function of
the degree of pollution in places where people
spend most of their time (Burnett et al. 2014).
About 20% (approx. 9 million people) of South
Africans are estimated to be exposed to indoor air
pollution (Barnes et al. 2009; Lindeque et al.
2021). In Gauteng, there is an elevated reliance
on domestic coal combustion for heating and
cooking in winter (Balmer, 2007). Typically,
combustion of fossil fuels occurs around 16:00
when people prepare to cook and there is also
peak traffic, which is just before sunset and also
the time when surface inversions develop
(Balmer, 2007). The combination of domestic
combustion emissions and the surface inversion
trapping the pollutants closer to the ground
creates a dense concentration of pollutants in the
evening until late morning (Freiman & Tyson,
2000; Balmer, 2007).

2.2

Air mass transport over the
Highveld

Freiman & Piketh (2002) present major transport
pathways of air into the Highveld through backtrajectory analysis. These transport modes vary
by seasons and flow from the Atlantic Ocean,
African continent (from subtropical Africa) and
Indian ocean (from southern Africa) (Tyson et al.
1988; Swap et al. 1996; Freiman & Piketh, 2002;
Lourens et al. 2016; Ncipha et al. 2020). The
Atlantic Ocean transport mode is the most
frequently occurring at 43% (annual average)
over the Highveld (Freiman & Piketh, 2002). It is
dominant in winter and autumn, it brings about

westerly winds and normally contains no
pollutants from industries unless it is associated
with a pronounced ridging behind a cold front
which causes recirculation of pollutants to occur
(Table 1) (Freiman & Piketh, 2002; Lourens et al.
2016; Ncipha et al. 2020). Recirculation typically
occurs in autumn (11%).
Together the African continent (25%) and Indian
Ocean (26%) transport modes are responsible for
the other half of transport into the Highveld
(Freiman & Piketh, 2002). The Indian Ocean
transport mode is dominant in summer and brings
about moisture and rainfall into the Highveld and
subsequently leads to clean ambient air (Lourens
et al. 2016). The African continent transport mode
is also dominant in winter carries aerosols from
the central-southern African region over southern
Africa (Lourens et al. 2016). These aerosols
contain pollutants from biomass burning and the
Zambian-Copper Belt region (Freiman & Tyson,
2000).
Table 1: Seasonal variation (%) of transport
types into the Highveld (850 - 700 hPa)
(Freiman & Piketh, 2002).
Flow
Season

Atlantic

African
continent
7
27
33

Recirculation

34
56
51

Indian
Ocean
54
16
10

Summer
Autumn
Winter
Spring

39

26

30

5

5
11
6

Air masses, aerosols and trace gases are
transported out of the Highveld through two main
transport modes which are direct and recirculated
transport modes (Tyson et al. 1988; Swap et al.
1996; Freiman & Piketh, 2002; Lourens et al.
2016). In the direct transport mode, pollutants are
transported by an easterly (to the Atlantic Ocean),
westerly (to the Indian Ocean) or southerly (to the
equatorial African region) transport mode (Fig. 2)
(Tyson et al. 1988; Swap et al. 1996; Freiman &
Piketh, 2002; Lourens et al. 2016). In the
recirculated transport mode, pollutants are
transported back to the point of origin (Fig. 2
yellow arrow).
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mountain and mountain-plain winds (Tyson &
Preston-Whyte, 2000; Jury, 2017). The rest of the
pollution recirculates back over the Highveld.

2.3

Figure 2: Lower tropospheric (800-700 hPa)
forward trajectories over the Highveld for an 8year period indicating direct and recirculated
transport (yellow arrow) (Freiman & Piketh,
2002).

Figure 3: Frequency of transport modes in the
lower tropospheric (800-700 hPa) (Freiman &
Piketh, 2002).
Westerly direct transport mode is most frequent
and accounts for 39% of the transport out of the
Highveld followed by the recirculation transport
mode at 33%. The frequency of transport modes
changes with season (Fig. 3). The westerly and
easterly modes are the most frequent modes for
exporting pollutants out of the subcontinent. The
direct and recirculation of pollutants out of the
Highveld
affects
neighbouring
countries,
especially
Botswana,
Zimbabwe
and
Mozambique (Jury, 2017). Under stable
atmospheric conditions the material can reach as
far as the Democratic republic of Congo and
Kenya. In South Africa, the recirculation affects
remote regions (Freiman & Piketh, 2002; Jury,
2017).
Over the Highveld, provided synoptic flow fields
are weak, pollution produced from urban areas
and industrial process may be transported during
the day in shallow plain-mountain winds towards
the plateau edge to the east below the frequently
occurring ~700 hPa stable discontinuity (Freiman
& Tyson, 2000; Tyson & Preston-Whyte, 2000;
Jury, 2017). The following night some of the
pollution that has accumulated over the
escarpment is transported out over the Lowveld
by nocturnal drainage of air off the escarpment in

Vertical transport and stable layers

Over the plateau aerosols are trapped in a dust
layer
beneath
the
~500
hPa
stable
layer/discontinuity to form a pronounced haze
layer (Fig. 4). The stable discontinuity extends
from South Africa to Zambia and beyond (Tyson
et al. 1988; Tyson & Preston-Whyte, 2000). The
layer occurs throughout the year on no-rain days
and its most frequent in rainless-winter regions
(Ncipha et al. 2020). The top of the haze layer is
typically defined at 4-6 km and presents a
discontinuity between polluted and clean air
(Tyson & Preston-Whyte, 2000). The main
constituent of the haze are urban-industrial
pollution, dust, marine aerosols and biomass
burning products (Mkololo et al. 2020). Dust is
typically the main contributor to the total aerosols
loading (Tyson & Preston-Whyte, 2000; Mkololo
et al. 2020; Ncipha et al. 2020). However, in the
vicinity of and downwind from urban and
industrial areas anthropogenically-derived air
pollutants assume a greater significance. (Tyson
& Preston-Whyte, 2000; Mkololo et al. 2020;
Ncipha et al. 2020).

Figure 4: Transport streams trapped beneath
and within the mean ~500 hPa and ` 700 hPa
stable layers as observed during the AugustOctober SAFARI-92. The penetration
percentage of air parcels into the layers is
indicated and in brackets are the days taken in
transit over South Africa (Freiman & Piketh,
2002).

2.4 Effect of urban areas on air pollution
The morphological, thermal and radiative
properties of urban areas have an impact on the
surface energy exchanges, which are different

Page | 136

from those observed above vegetation and
natural soils (Magidi & Ahmed, 2020). During the
night under calm and clear conditions, a
significant temperature gradient develops
between a city and its surroundings and the effect
is referred to as an urban heat island (Magidi &
Ahmed, 2020). Asphalt and concrete surfaces in
cities absorb heat and tall buildings can prevent
air flow while also absorbing heat on their
surfaces, and this can increase ambient hight and
day temperatures (Magidi & Ahmed, 2020).
Vehicle exhausts are an additional cause of
increased temperatures (Shikwambana, et al.
2021). Urban heat islands trap air pollutants at
night above the city through the development of
a temperature inversions (Tyson et al. 1988).
Urban form has been related to factors affecting
ambient concentrations of air pollution. The first
factor is the urban form’s influence on vehicle
tailpipe emissions (Yuan et al. 2018). In sprawling
cities containing low-density buildings, poor
connectivity and single land use, people
preferentially utilize private vehicles and walk or
utilize public transport less often (Huang et al.
2007; Yuan et al. 2018; Li et al. 2020). Cities with
a compact urban form make trip origin and
destination points closer, public transports more
accessible, trips more walkable, thus reducing
distance travelled by vehicles and consequently
reducing emissions (Huang et al. 2007; Yuan et
al. 2018; Li et al. 2020).
Fragmented cities lead to formation of weak
urban heat islands especially when there is
vegetation between the urban patches and
subsequently weaker ambient pollution levels
compared to those in compact cities with minimal
fragmentation (McCarty & Kaza, 2015; Yuan et al.
2018). Compact cities with few urban patches
lead to a lot of traffic inside the city (Yuan et al.
2018). These cities are also associated with
urban heat islands and pollution trapped by the
temperature inversion at night (Tyson et al. 1988;
McCarty & Kaza, 2015; Yuan et al. 2018).
Vehicle emissions are of importance in the
context of Gauteng’s cities because they are a
major source contributing to poor air quality
(Yuan et al. 2018). In the evaluation of urban
form, studies typically use five metrics which are
land use mix, urban centrality (also known as
degree of centring), street accessibility, urban
continuity and urban compactness (Yuan, et al.
2018).

Land use mix is defined by the variety in activities
within a city which can include commercial areas,
industrial areas, residential and green belts.
Although high land use mix reduces travel
demand, it does lead to high traffic as activities
are not well spread out across a city. Degree of
centrality is defined by the closeness of urban
patches (Li et al. 2020). Urban patches closer to
each other lead to shorter distances travelled.
Street accessibility is defined by the number of
roads entering, exiting and within the city (Li et al.
2020). More roads entry, exit points and intercity
roads lead to less vehicle congestion and less
emissions (Yuan et al. 2018). Urban continuity is
a measure of the spatial aggregation of urban
islands (Yuan et al. 2018). Low urban continuity
means the urban area is fragmented leading to
increased distance travelled by cars and more
emissions (Yuan et al. 2018). Urban
compactness is a measure of the shape of all
patches and fragmentation of the city (Huang et
al. 2007). A compact urban form potentially leads
to slower driving, more speed changes, low fuel
efficiencies and high emissions (Huang et al.
2007).

3

Methodology

The urban form index for Johannesburg is
analysed through two urban form metrices which
are the compactness and centrality index
although commonly studies use six (Yuan, et al.
2018). Due to data availability and time
constraints the other metrices have not been
included.
The compactness index measures the shape and
fragmentation of a city (Huang et al. 2007). An
urban area with more regular shaped patches
and a smaller number of patches would have a
bigger compactness index. Compactness index
(CI) is calculated from Equation 1, where Pi is the
perimeter of a circle with the area of s i and i=1-N
the total number of patches.

Equation 1
Centrality Index is measured as the degree to
which urban patches are close to the city centre
or CBD. In this study centrality index is measured
as the distance of urban patches from the
centroid of the largest urban patch. The more
elongated the city shape is the bigger the
centrality index. Centrality is calculated from
Equation 2, where Di is the distance of patch i to
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the centroid of the largest patch, N is the total
number of all patches and S is the summarization
area of all patches.

(a)

Equation 2
We assess the association between land cover
types and air pollution. We attempt to present this
association in Johannesburg using land cover
data for the latest year available (2018) and
modelled pollutants over the city (Simelane,
2021; Zhang et al. 2021; Sundström et al. 2015).
We overlaid and intersected the modelled
pollutant results with land cover data to obtain the
pollution levels associated with each land cover.

(b)

The land cover data utilized is pre-classified data
from the Department of Forestry, Fisheries & the
Environment for the year 2018 (source:
https://egis.environment.gov.za/data_egis/data_
download/current).
Modelled air pollution data was obtained from two
studies: Zhang et al. (2021) and Simelane (2021).
Zhang et al. (2021) applied a random forest
algorithm to estimate daily PM2.5 concentrations
by combining ground monitoring data, satellite
aerosol optical depth, land use, meteorological
and socio-economic data. While all four seasons
were
modelled,
we
only
use
winter
concentrations when concentrations are the
highest. Simelane (2021) estimated annual PM2.5
concentrations from ground monitored PM2.5
concentrations and socio-economic factors
related to PM2.5 concentrations using a
multivariate linear regression algorithm.
The modelled estimates were obtained as figures
from these articles. The figures were
georeferenced over Gauteng and classfied using
the random forest algorithm. Training samples
were created from each figure’s legend scale
(Fig. 5).

(c)

Figure 5: (a) Average PM2.5 estimates from
Zhang et al. (2021). (b) A classified-vector
format version of (a). (c) Annual average PM2.5
concentration calculated with the socioeconomic regression model from Simelane
(2021).
Vector formats of the classified figures (Fig. 5b &
c) and landcover type (Fig. 1) data were
intersected. The median, average and
percentiles (25th, 50th and 75th) for PM2.5
concentrations for each landcover type were
calculated.
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4

Results and discussion

4.1

Link between urban form metrics
and air quality

The City of Johannesburg has a very low
compactness index value and this is due to the
patchiness and irregularity of the urban area (Fig.
6). Johannesburg is surrounded by mines,
townships, small towns and industrial areas
which contribute to the observed patches of builtup areas. Another factor which has caused this
low value is the landcover image used which was
derived from image classification instead of
manual digitizing. Image classification naturally
creates an output with isolated-pixels clusters,
rough edges, speckles of pixels and misclassified
pixels. The compactness index observed in
Johannesburg is comparable to Dallas in the USA
(Huang et al. 2007).

McCarthy & Kaza (2015) and Yuan et al. (2017)
have found a positive relationship between the
compactness and centrality index and poor air
quality. Observing air quality studies done in
Gauteng (Lourens et al. 2012; Myllyvirta, 2014;
Sundström et al. 2015), Johannesburg also
stands out as an air pollution hotspot in the
province. It can be said that the compactness and
centrality index observed in theregion of Gauteng
is also associated with poor air quality.

4.2

Land cover and air quality

Annual average PM2.5 concentrations are
remarkably similar across all land cover types.
PM2.5 concentrations derived by Simelane (2021)
and Zhang et al. (2021) are slightly lower over
water bodies than other land cover types. This is
expected as there are very few sources of air
pollution in water bodies. Mines and quarries are
associated with the highest PM2.5 concentrations
derived by Simelane (2021) (Table 2). 50% of
PM2.5 values associated with mines and quarries
have concentrations greater than 30 μg/m³ (Table
2). Mining activities are associated with a large
amount of dust emanating from the movement of
surface materials (Nkosi, et al. 2017). Mine
dumps also produce a significant amount of windblown dust (Nkosi et al. 2017).

Table 2: The median, average and percentiles
of PM2.5 concentrations from Simelane’s (2021)
socio-economic regression model associated
with each land cover type.

Figure 6: Compactness index of City of
Johannesburg metropolitan municipality.
The centrality index is very low indicating the
city’s patches are dispersed from the city centre
(Fig. 6). The urban patches are dispersed from
the city which increases the distance required to
be travelled by vehicles to reach the city. In cases
where the city is further personal vehicle use
increases. The centrality index of the city is
comparable to Beijing, China and Tarrant, Texas
(McCarty & Kaza, 2015; Yuan, et al. 2018).

Figure 7: Centrality index for Johannesburg
municipality.

Median

Average

Percentiles
25th
75th
26
31

Built-up

28

30

Grassland
Forested
Land
Wetlands
Barren Land
Waterbodies
Cultivated
Mines &
Quarries

28
28

30
29

26
26

31
31

28
28
27
28
30

30
30
29
30
31

26
26
25
26
26

32
34
31
31
34

Considering the PM2.5 values derived by Zhang et
al. (2021), built-up areas, barren land and
cultivated land have the highest average PM2.5
concentrations of 50 μg/m³ (Table 3). ThePM2.5
associated with barren land and cultivated land
may have emanated from dust especially in
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winter when the vegetation is withered, and it
exposes a high proportion of soil to wind erosion.
PM2.5 in built-up areas may be a combination of
dust, vehicle emissions and domestic fossil fuel
combustion.
The median PM2.5 concentration for mines and
quarries is one of the lowest at 48 μg/m³ along
with waterbodies and wetlands (Table 3). This is
an unexpected result for mines and quarries
which are heavily associated with PM to have the
same concentrations
as wetlands and
waterbodies. Waterbodies and wetland are
expected to have lower values than that reflected
here.

Table 3: The median, average and percentiles
of PM2.5 concentrations from Zhang et al.’s
(2021) land-use regression and satellite AOD
derived model associated with each land cover
type.
Median
Built-up
Grassland
Forested
Land
Wetlands
Barren Land
Waterbodies
Cultivated
Mines &
Quarries

Average

53
53
53

50
49
49

53
53
48
53
53

48
50
47
50
49

Percentiles
25th
75th
43
58
43
58
43
58
38
43
33
43
38

58
58
58
58
58

Land cover types like built-up area, mines and
quarries and barren land that are expected to be
significantly associated with PM2.5 do not exhibit
this relationship in these results. These results
may be an indication that land cover type is not a
determinant of PM2.5 concentration, but they may
also be a reflection of the way in which PM2.5
concentrations were estimated by Simelane
(2021) and Zhang et al. (2021).

5

Conclusion

Significant sources contributing to poor air quality
in Gauteng are vehicle tailpipe emissions,
industrial activities and domestic fossil fuel
combustion. The city of Johannesburg is
composed of numerous irregular patches of small
urban areas dispersed around the main city area.
These characteristics make Johannesburg not a
compact city with urban patches not closely

centralized around the CBD. The compactness
index may have been exaggerated by isolated
pixels and irregular edges resulting from image
classification. Converting raster imageries to
vector format also creates irregular boundaries
between landcover types. For more accurate
results for the compact and centrality index it is
recommended that the urban areas are digitized
manually from the image. This research can be
extended by calculating the urban form metrics
associated with other cities (like Pretoria and
Ekurhuleni) and even other CBDs (like Sandton)
and evaluating the association with air pollution
levels.
Based on the findings, there is no definitive
association of certain land cover types with
ambient PM2.5 concentrations. For this
association to be properly assessed a land use
regression model should be developed.
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To drastically improve air quality, both existing and new coal-fired power generation
facilities are required to comply to more stringent legislated thresholds for SOx emissions.
In response to this, six commercial wet-FGD (flue gas desulphurization) units were
installed as part of the construction and commissioning of one of Eskom’s new power
stations. Apart from its high SO2 removal efficiency, wet-FGD processes have the added
benefit of producing synthetic gypsum. The production of synthetic gypsum from FGD
presents an ideal opportunity to explore potential international and local markets as a
means of stimulating further revenue. This study aims to benchmark the key quality
parameters of the produced FGD gypsum against three different grades of commercially
available gypsum. To achieve this aim, various analytical measurements were conducted
to evaluate the gypsum purity, moisture content, excess limestone, chloride content and
sulphite content of Eskom’s wet-FGD gypsum as well as three commercial samples
obtained from a reputable, local natural gypsum supplier. From the results, it was evident
that the three commercial grade samples exhibited quality characteristics similar to those
specified in open literature. A comparison to the chemical characteristics of the FGD
sample showed that it may be considered a suitable alternative for the cement and
agricultural gypsum industries. Further improvement in the gypsum quality parameters
is envisaged once all units of the power station reach beneficial operation and further
plant optimization efforts are implemented. The application of alternative analytical
methods (i.e., Quantitative Evaluation of Minerals by Scanning Electron Microscopy or
QEMSCAN, XRF and XRD) have also shown to provide, within a reasonable margin of
error, accurate estimates for the respective quality parameters.
Keywords: SO2 emissions; Wet flue gas desulphurization; Gypsum by-product

1. Introduction
In 2019 South Africa was ranked the 7th largest
contributor to SO2 emissions globally with close to
95% of the total anthropogenic SO2 emissions (1200
kt per annum) associated with coal-fired power
generation (Anhäuser et al., 2020; Myllyvirta, 2019;
Zhong et al., 2020). According to Eskom’s
Atmospheric Emissions License (AEL) reports the
estimated average SO2 emissions from its regional

operations, over the period of 2018 to 2021,
amounted to 1745 kt per annum (Eskom, 2022).
Global climate change ambitions as well as
international pressure to significantly lower
atmospheric pollutant emissions over the past
decade has forced South African coal-fired
generation plants, amongst other industries, to
reprioritize their commitments to comply with the
requirements of both the National Environmental
Management: Air Quality Act (NEMAQA) of 2004
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To comply to both the World Bank’s funding
requirements as well as the MES for newly built
power stations (i.e., for SO2 the emission limit is 500
mg/Nm3), Eskom performed an extensive
technology selection study to compare, assess and
select the most suitable flue gas desulphurization
(FGD) technology (Department of Forestry,
Fisheries & Environment - DFFE, 2013; Eskom,
2016, Eskom , 2018; Zitholele Consulting, 2018). A
techno-economic
analysis
considering
FGD
performance, operational requirements as well as
the impact on the power generation value chain
concluded that wet FGD (or WFGD) provided the
best long-term solution for SO2. The contracting
strategy approved for one of Eskom’s new power
station stated that all six wet FGD and boiler units to
be constructed simultaneously (Eskom, 2016). This
power station currently has three units of WFGD
commissioned but will have a total of six WFGD units
in operation once all construction is completed and
final commercial hand over is achieved by 2024
(Eskom, 2022). A graphical summary of the SO2
emissions performance (averaged basis) of the
operational WFGD units of this power station is
provided in Figure 1 for the period April 2021 to
March 2022. Although commissioning and
operational challenges are still being experienced,
the installed WFGD technology has proven to be
effective in controlling SO2 emissions well below the
prescribed minimum emission standard for new
facilities (i.e., 500 mg/Nm3) as can be seen in the
figure. Using the published data from Eskom’s AEL
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reports the 12-month SO2 removal efficiency
(averaged basis) for the power station under
consideration is estimated as 86.6% (Eskom, 2022).
Although lower than the SO2 removal efficiency
range (90% and 98%) normally reported for WFGD
technology using limestone as sorbent, monthly
performance values for the individual units have
however shown removal efficiencies of up to 98%
(US Environmental Protection Agency – EPA, 2003).
SO2 concentration (mg/Nm3)

(Act no. 39 of 2004) but also the more stringent
Minimum Emissions Standards (MES) (Department
of Forestry, Fisheries & Environment - DFFE, 2018,
Eskom, 2019). One of the prominent air pollution
problems currently being prioritised as part of
Eskom’s Emission Reduction Plan (ERP) is the
reduction of SO2 and SO3 (or SOx) emissions from
its coal-fired power generation fleet. Not only do SOx
emissions contribute to acid rain and growth defects
in plants and trees, but it is also poses a significant
risk to human health (Altieri and Keen, 2016). The
rise in energy demand and subsequent decline in
energy availability in South Africa, has necessitated
the need for Eskom to increase its power generation
capacity through the construction of two new power
stations. Given the enhanced drive to decarbonize
the global economy, investors are becoming ever
more reluctant to fund fossil fuel-based power
generation solutions. In the case of Eskom’s two new
power stations, the World Bank has approved capital
funding for the construction of these two new power
stations, on the provision that suitable and effective
emission control strategies and measures are
implemented to ensure SOx emissions are reduced
and subsequent legal compliance is achieved
(Eskom, 2016).

Month

Figure 1. SO2 emissions performance (averaged basis
over 12-month period) of Eskom’s new power station
currently fitted with WFGD (adapted from Eskom (2022)).

When considering the estimated 12-month
average SO2 removal efficiency, the sulphur content
of the coal fed to the power station (assuming full
conversion to SO2) as well as the maximum
permitted coal consumption rate for the power
station, the potential amount of additional SO 2 that
could have been emitted to atmosphere if unabated
amounts to close to 490 kt per annum. The
significance of this amount is contextualized more
clearly when compared to South Africa’s total annual
anthropogenic SO2 emissions (constituting close to
17% of this amount) as well Eskom’s estimated
average SO2 emissions rate in the period from 2018
to 2019 (constituting close to 28% of this amount)
(Emissions Database for Global Atmospheric
Research – EDGAR, 2022; Eskom, 2022). For
Eskom’s other flagship power station it is anticipated
that it will also be retrofitted with 6 WFGD units by
latest 2030, however due to water restrictions in this
region there are speculations that the technology
selection strategy may have to be revised. During
the WFGD process, flue gas passing through the
filtration equipment (i.e., fabric filter plants (FFPs) or
electrostatic precipitators (ESPs)) of a coal-fired
power generation plant is subjected to a
recirculating, dense mixture of a suitable alkaline
sorbent (in a scrubbing tower) to remove SO2 (Fujii,
2018). Once the SO2 is removed through FGD, the
flue gas is then vented through the flue stack. In
Eskom’s case limestone or CaCO3 is the alkaline
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sorbent of choice due to its relatively low cost,
extensive history of successful industrial application,
wide availability and high SO2 removal efficiency
(Córdoba, 2015). Apart from its relatively high SO 2
removal efficiency (as shown in Figure 1), limestone
forced oxidation (LSFO) WFGD processes such as
employed at Eskom’s new power station has the
added benefit of producing a saleable by-product
after dewatering (in the form of gypsum or CaSO4)
which can be safely disposed of for use in landfills
as an example (Miller & Miller, 2010).
Gypsum is a valuable commodity that can be
used in various applications including the
manufacturing of cement, ceiling boards, drywall,
wallboard and plasterboard, whilst low quality
gypsum can also be used for agricultural purposes
(Engbrecht and Hirschfeld, 2016; Kost et al., 2014;
Lei et al., 2017). The applicable market for use is,
however, dependent on the grade and quality of
gypsum. Germany, Japan, USA and many other
countries using similar technologies that produce
synthetic gypsum are successfully providing an input
into the major gypsum industries. (Future Market
Insights - FMI, 2021; O'Brien et al., 1984). Knauf AG,
Saint Gobain, Lafarge, Yoshino Gypsum Co. are
some of the key players in the global gypsum
industry. These key market participants in the global
gypsum market account for around 40% of the global
share, whilst the use of gypsum, and more
specifically synthetic gypsum from FGD, continues
to show a steady increase (American Coal Ash
Association - ACAA, 2015; Future Market Insights FMI, 2021). Synthetic gypsum was estimated to
account for about 45% of the total local gypsum
supply in USA in 2019 (Crangle, 2020). Synthetic
gypsum currently produced at Eskom’s power
station is co-disposed with the coal ash and dumped
at the ash dump, providing no benefit to Eskom. It is
anticipated that approximately 900 000 and 1 700
000 tonnes of FGD gypsum will be produced per
annum respectively at Eskom’s two new power
stations when operating at full capacity (Eskom,
2018; Schutte, 2018). The large difference in
projected tonnage can be attributed to the higher
sulphur content of coal used at Eskom’s other new
power station. From a local market perspective, the
estimated, annual FGD gypsum produced at
Eskom’s new power station currently fitted with FGD
is sufficient to supply both the agricultural and
cement manufacturing sector which has a combined
gypsum demand of close to 840 000 tonnes per
annum (OTM, 2009; Schutte, 2018). From a
business perspective, the continued operation of a
company is driven by profitability. Eskom has
experienced a decline in profitability over recent
years. Eskom financial results of operation, per the
annual financial statements for the year ended 31
March 2021, recorded its first net loss after tax of R

2.3 billion for the year in 2018 and shows a net loss
of R 15.2 billion for the 2022 financial year, proving
that the traditional revenue of producing power
needs to be supplemented by additional revenue
streams (Cassim, 2021). Eskom can look to
diversifying into closely related technologies as a
means to improve profitability. The sale of gypsum
can therefore also negate the need for landfill
disposal costs (example ash dump footprint, liner,
etc.)
which
increases
profitability.
Since
approximately 450 000 tonnes of the projected 900
000 tonnes of gypsum is currently being produced
per annum (i.e., three of the six units are in full
operation) at Eskom’s one new power station, this
presents an ideal scenario to explore potential
markets for using this current waste product to bring
further revenue into the business. Based on an
Eskom study that defines the bulk selling price of
agricultural gypsum at R 69.00 per tonne (OTM,
2009) and a cumulative inflation rate of 92.55% for
the period 2009 to 2022 (Trading Economics, 2022),
with the approximate 900 000 tonnes per annum of
FGD gypsum being produced, the potential value for
the gypsum produced can be approximated to be R
119.6 million per annum.
Although the abovementioned potential revenue
estimation presents a lucrative business opportunity,
each industry has specific quality requirements
which need to be met in order to decide if the FGD
gypsum is suitable for the different gypsum markets.
As an example, Eskom FGD gypsum may be
considered a suitable alternative to be used in the
wallboard manufacturing industry if the necessary
requirements (which are usually very strict for this
market) in terms of quality and other parameters can
be met (Schutte, 2018). The quality of the produced
FGD gypsum can be affected by several factors
which include, amongst others, limestone of
consistent good quality, coal quality (i.e., low ash),
quality of process water used in the FGD process,
process efficiency in terms of sorbent utilization, etc.
The quality of the gypsum product will therefore vary
and will not find a blanket application across all
power stations. Various samples will need to be
tested to determine the gypsum quality range. The
aim of this research study is therefore to assess the
valorisation potential of FGD gypsum produced at
Eskom’s one new power station by assessing and
benchmarking the product quality against different
South African grades of commercially manufactured
gypsum using industry specific quality specifications
and standards.

2. Methods
According to available literature and international
conformity practises (e.g., VGB-M 701e) the main
parameters associated with gypsum quality include
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amongst others: gypsum purity, sulphite (SO32-)
concentration, excess limestone or CaCO3 content,
moisture and chloride content. Various standard (as
prescribed by conformity standards and or the
original equipment manufacturer (OEM)) and nonstandard analytical techniques area available to
systematically assess the aforementioned chemical
characteristics of FGD gypsum and subsequently
forms the basis of this investigation (Bureau of Indian
Standards - BIS, 2003; Eurogypsum, 2012; Keeling
et al., 2001; Pacific Fertiliser, 2015; Ramme and
Tharaniyil, 2004; Schutte, 2018). Table 1 below
outlines the standard and alternative analytical
techniques employed during this study.
Table 1. Standard methods and analytical
techniques to evaluate gypsum quality properties.
Property

Standard / Technique

Gypsum purity

TGA*, XRD, XRF**, QEMSCAN

Sulphite content

Titration*, XRD

Excess CaCO3

TGA*, XRD, QEMSCAN

Chloride content

Titration*, XRF

Moisture content

TGA*

M 701e (VGB Powertech, 2008) were employed to
determine the moisture content, gypsum purity,
sulphite content, excess CaCO3 content and chloride
content of the four samples respectively. TGA
analyses were conducted at the North-West
University (NWU) using a SDT Q600 small particle
TGA supplied by TA instruments. For this purpose,
20 mg of each sample was subjected to thermal
analysis under inert conditions using a N 2 flow rate
of 100 ml/min whilst heating the sample from room
temperature to 910C at a heating rate of 20 C/min.
Isothermal conditions were further maintained at
45C, 320C, 600C and 910C until a constant
mass value was observed. Replicates were
performed on all samples and the margin of error
(assuming a 95% confidence interval) was found to
be no more than 5%. The amount of moisture,
gypsum purity (as CaSO4.2H2O) and excess CaCO3
content were then subsequently determined from the
percentage mass losses in the prescribed
temperature ranges as outlined in VGB-M 701e
(VGB Powertech, 2008) and Schutte (2018).

2.1 Sample acquisition and preparation
WFGD gypsum samples were sourced from
Eskom’s new power station (denoted KFGD) using
the Eskom specific sampling procedure. FGD
gypsum sampling involved a composite sampling
approach, at approximately 20 s intervals (under
stable operating conditions), from the end of the
drying belt conveyor of one of the FGD gypsum
dewatering units. A total of 6 kg of FGD gypsum
sample was obtained in this way and subsequently
stored in sealed plastic containers for further
processing. Three samples (AGRI, CMNT, WLBD)
representing the various gypsum grades or potential
markets (i.e., agriculture, cement and wallboard)
were obtained from the production lines of a
reputable South African gypsum supplier of which
the details cannot be disclosed in this paper due to
a non-disclosure agreement that is in effect. Smaller
representative samples were prepared using a
rotary splitter and subjected to prolonged drying at
ambient conditions prior to analysis.

2.3 QEMSCAN analysis
QEMSCAN (Quantitative Evaluation of Minerals
by Scanning Electron Microscopy) analysis was
performed by Eskom RT&D (Research, Testing and
Development) as per Eskom’s internal quantification
and benchmarking standards to assess both
gypsum purity and the amount of excess CaCO 3
(Eskom, 2021). The gypsum samples were mixed
with molten carnauba wax and epoxy resin in 30 mm
diameter moulds at a temperature of 120˚C and
allowed to solidify at 60˚C. The samples were then
removed from the moulds and cooled at room
temperature to allow the epoxy resin to cure (Eskom,
2021). Here after, the solid wax and cured epoxy
resin sections were polished, exposing individual
particles in cross-section. The polished samples
were then subjected to analysis by positioning the
scanning electron microscope electron beam at
predefined points across a particle. A 1000 count xray spectrum was acquired at each point in 3 ms.
The mineral or amorphous phase at each point was
identified using the elemental proportions, whilst
iMeasure software was used to populate the results.
The concentration (in wt.%) of CaSO4.2H2O
(gypsum) and CaCO3 in each sample was estimated
from the sums of the QEMSCAN results (in vol.%)
for the gypsum species (gypsum and gypsum (Al, Si,
Mg, Mn)) and CaCO3 species (i.e., calcite and
dolomite) respectively by assuming representative
specie densities.

2.2 Industry Standard Test Procedures
Thermogravimetric analysis (TGA), titration and
photometric techniques, as prescribed by Eskom’s
internal gypsum quality testing procedure and VGB-

2.4 XRF analysis
X-ray Fluorescence or XRF analysis was
conducted at the North-West University (NWU)
using a PANalytical Axios Max x-ray machine and a

* Based on Eskom’s site specific procedure as influenced by
VGB-M 701e (VGB Powertech, 2008). **Semi-quantitative
estimation from processed results. Abbreviations: TGA –
Thermogravimetric Analysis, XRD – X-ray Diffraction, XRF – Xray Fluorescence, QEMSCAN - Quantitative Evaluation of
Minerals by Scanning Electron Microscopy.
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PANalytical Eagon 2 Fusion instrument. XRF
analysis was employed to provide a conservative
estimate of the purity of each gypsum sample but
also to quantify the amount of chlorides in each
sample (Schutte, 2018). Glass discs for analysis
were prepared by mixing 6 g of flux (consisting of
lithium tetraborate, Li2B4O7 and lithium metaborate,
LiBO2 in a 2 to 1 weight ratio) with 0.6 g of sample in
a 32 mm crucible. Hereafter, the crucibles were
placed in an oven with a pre-set temperature of 1050
˚C where it was exposed through a heating cycle of
24 minutes. The melted sample was transferred over
to discs which were then cooled. Cooling was
delayed for a period of 15 s after which it went
through a cooling cycle of 2 min. The cooled discs
were placed from the casting dish onto a tray for
analysis in the x-ray machine. Elemental
composition results obtained from the XRF analysis
of the various samples were reported as elemental
oxides (e.g., CaO or MgO) and expressed as weight
percentages of the total sample amount (Schutte,
2018). The raw results were normalised on a loss of
ignition (LOI) free basis and subsequently converted
to atomic concentrations to enable estimation of the
gypsum sample purity using the following equation:
𝑋̃𝑔𝑦𝑝𝑠𝑢𝑚 ≈ 100 × (𝑥𝐶𝑎∗ + 𝑥𝑆∗ )

(1)

̃ 𝑔𝑦𝑝𝑠𝑢𝑚 represents the gypsum purity and
Where 𝑋
𝑥𝐶𝑎∗ and 𝑥𝑆∗ represent the atomic weight fraction (on
a LOI-free basis) of Ca and S. This method provides
a conservative semi-quantitative estimate of gypsum
purity when it is assumed that the measured amount
of S (expressed as SO3) is mainly associated as
SO42- with Ca. The accuracy of method is further
limited by the fact that CO2, crystal water and SO2 is
released during the glass disc preparation process.

2.5 XRD analysis
X-ray Diffraction or XRD analysis was conducted
at the North-West University (NWU) using a
PANalytical X’Pert Pro powder diffractometer and
X’Celerator detector to measure the diffraction of
each gypsum sample. XRD analysis is a versatile,
non-destructive analytical technique to identify and
quantify various crystalline forms. Application of this
analytical technique can also easily distinguish
between the different phases (i.e., crystalline and
amorphous) and species of minerals (e.g., CaSO 4,
CaSO3 and CaCO3). XRD was employed to
specifically assess gypsum purity (CaSO4.2H2O
content), CaCO3 content, SO32- content (as CaSO3)
as well as other forms of detectable gypsum phases
(e.g.,
calcium
sulphate
hemihydrate
or
CaSO4.0.5H2O). The four gypsum samples were
milled down to a particle size of less than 75 μm
followed by overnight drying in a vacuum oven at 80

°C to remove any surface moisture (Schutte, 2018).
A back loading preparation method was used to
prepare the samples prior to the analysis, whilst the
X’Pert Highscore plus software was used to identify
the different crystalline and amorphous phases. To
quantify the approximate relative phase quantities
(in wt.%) a method referred to as the Rietveld
method was used (Missyul et al., 2017). The Rietveld
method used the structural parameters of each
mineral present in the sample to generate a XRD
profile that could be adjusted iteratively by leastsquares techniques to fit the observed XRD profile
of the analysis sample (Missyul et al., 2017). The
gypsum purity, CaCO3 content, CaSO3 content and
concentrations of other gypsum species were
determined directly from the XRD results of the
identified mineral homologues (e.g., gypsum,
basanite, calcite and dolomite).

3. Results and discussion
Although the VGB standard for evaluating the
quality of FGD gypsum makes provision for various
chemical characteristics to be assessed, this paper
focuses on the following five main parameters:
gypsum purity, moisture content, excess CaCO 3,
sulphite content and chloride content. Application of
the aforementioned techniques therefore formed the
basis to benchmark the quality of Eskom’s FGD
gypsum against typical industrial grades of gypsum,
but also to evaluate on a comparative basis the
suitability of alternative methods as opposed to
standard prescribed methods.
3.1 Analytical results
All four samples (KFGD, AGRI, CMNT and
WLBD) were subjected to TGA in order to determine
the moisture content, gypsum purity and CaCO 3
content. Figure 2 (a) and (b) provides a graphical
representation of the mass loss and DTG
(differential thermogravimetric) profile as a function
of temperature well as the mass loss and
temperature profile as a function of time for sample
KFGD. The TGA or mass loss profile of each sample
was characterised by three distinctive regions of
mass loss as graphically illustrated in Fig 1(b) (i.e.,
Phase 1, Phase 2, Phase 3) and is in agreement with
the prescribed regions of interest as outlined in VGBM 701e (VGB Powertech, 2008). Although not
shown explicitly in Figures 1 (a) and (b), similar
profiles were observed for the other three industrial
sourced samples.
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Table 2. Mineralogical composition for the four
gypsum samples as determined by QEMSCAN.
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comparison between the TGA/DTG profiles of the
four samples revealed that the largest mass loss in
the Phase II temperature range was observed for the
wallboard gypsum sample (WLBD), whilst no
significant change in sample mass was observed for
this sample in the temperature range between 600°C
and 910°C (Phase 3) indicating that the CaCO3
content was significantly low to non-existent.
QEMSCAN, XRD and XRF were employed as
alternative techniques to the prescribed standard
methods as a means of evaluating the relative
distribution of gypsum dihydrate (CaSO4.2H2O),
calcium carbonate (CaCO3, e.g., limestone) and
sulphite species in all four samples. Although limited
information is available, these techniques have been
successfully applied in a few FGD gypsum quality
related studies (Jiang et al., 2018; Schutte, 2018).
The results obtained from these three analytical
techniques are provided respectively in Tables 2, 3
and 4.

Mineral Composition (wt.%)
QEMSCAN Species
KFGD

AGRI

CMNT

WLBD

Calcite

2.1

3.7

2.3

0.2

Dolomite

1.6

6.2

7.6

0.2

Gypsum + Gypsum
(Al,Si,Mg,Mn)

91.7

79.0

80.8

98.5

Pyrite

0.0

0.0

0.

0.0

Magnesium (Fe)
Oxide(s)

0.0

6.3

0.4

0.3

Manganese (Fe,Si)
Oxide

0.0

0.0

0.2

0.0

Iron Oxide/
Hematite/Ilmenite

0.2

0.0

0.4

0.0

Sand/Quartz

1.2

2.2

4.5

0.5

Swelling
Clay:Magnesium(Al)
Silicate

0.5

0.2

0.4

0.0

Catalyst/
Clay:Aluminosilicate

0.8

0.3

0.3

0.1

(Ca,Fe,Mg)
Aluminosilicate

0.6

0.1

0.2

0.0

Scale:Silica
(Ca,Mg,Fe,Al)

0.5

2.0

2.0

0.1

Mica:Muscovite

0.2

0.0

0.2

0.0

Feldspar:
Albite/Microcline

0.1

0.0

0.4

0.0

Coal

1.8

0.0

0.0

0.0

105 120 135

Time (min)
Figure 2. (b) Mass loss / temperature profile vs time for
KFGD.

The initial phase (Phase 1) of mass loss
(between 20°C and 45°C) can be associated with the
dehydration of free moisture of the sample and a
resultant gradual mass loss with desiccation. A
further gradual reduction in mass was also observed
for temperatures up to 100°C and can be attributed
to the evaporation of free moisture (Matsuzaki et al.,
1978, Rowe, 2015). The next phase (Phase 2) of
mass loss occurs in the temperature range between
45 and 320°C, with a peak derivative mass loss
observed around 150°C for all four samples.
In this region calcium sulphate dihydrate
(CaSO4.2H2O) thermally decomposes to calcium
sulphate hemihydrate (CaSO4. 0.5H2O) with the
associated loss of 1.5 moles of crystal water
(Matsuzaki et al., 1978, Rowe, 2015; Wakili et al.,
2007). Another, subsequently less significant, mass
loss peak occurs around 380°C and signals the
continued degradation of calcium hemihydrate
(CaSO4.0.5H2O) to calcium sulphate anhydrite
(CaSO4) accompanied by additional morphological
changes as the temperature is increased further.
Finally, the mass loss between 600°C and 910°C
(Phase 3) is characterized by the thermal
decomposition of limestone or CaCO3 to CaO and
CO2 (Matsuzaki et al., 1978; Rowe, 2015). A

From Table 2 it can be seen that all four samples
were characterized by significant proportions of
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mineralogically classified gypsum (including gypsum
complexes with other elemental constituents) with
the gypsum content decreasing in the order WLBD >
KFGD > CMNT > AGRI. Calcium carbonate species
in the form of calcite and dolomite was also observed
with both the AGRI and CMNT samples containing
the largest collective amount (i.e., 9.9 wt.%).

Calcite (CaCO3) was only observed for KFGD,
AGRI and CMNT, while dolomite (CaMg(CO3)2) was
only detected for the CMNT sample.

Table 4. Elemental composition of major
components (oxide form) as determined by XRF.
Elemental Composition (wt.%)*
Species

Table 3. Mineral composition of major
components as determined by XRD.
Mineral Composition (wt.%)
Species
KFGD

AGRI

CMNT

WLBD

Gypsum
dihydrate
(CaSO4.2H2O)

96.7

94.2

90.9

98.2

Basanite
(CaSO4.0.5H2O)

0.0

0.0

0.0

0.0

Quartz (SiO2)

0.3

0.0

0.8

0.0

Brucite
(Mg(OH)2)

0.0

0.0

0.0

1.8

Calcite (CaCO3)

3.0

5.8

2.1

0.0

Dolomite
(CaMg(CO3)2)

0.0

0.0

6.2

0.0

KFGD

AGRI

CMNT

WLBD

Na2O

0.3

0.1

0.2

0.4

MgO

0.8

10.5

3.0

2.7

Al2O3

1.4

0.7

1.0

0.5

SiO2

3.1

0.9

6.7

0.5

P2O5

1.2

1.2

1.8

1.3

SO3

41.7

38.7

38.5

45.3

K2O

0.1

0.0

0.1

0.0

CaO

49.6

44.5

45.4

48.3

TiO2

0.1

0.0

0.1

0.0

V2O5

0.0

0.0

0.0

0.0

Cr2O3

0.0

0.0

0.0

0.0

MnO

0.6

0.5

0.4

0.1

Fe2O3

1.2

3.0

2.7

0.8

COUNT

* Results presented on a loss of ignition (LOI) and trace element
free basis.

Figure 3. X-ray diffractogram of the industrial wallboard sample as determined using XRD analysis.

XRD results obtained for the four samples
indicated a majority of the species to be in the
crystalline phase with relatively low to negligible
amounts reported for the amorphous phase (noncrystalline phase). The XRD diffractogram presented

in Figure 3 for the wallboard sample (WLBD) also
confirms gypsum dihydrate as the dominant gypsum
phase or specie, whilst the occurrence of calcium
sulphate hemihydrate or bassanite could not be
quantified. In comparison to the QEMSCAN results,
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the amount of gypsum and calcium carbonate
species were found to be in a similar order of
magnitude, with the largest noticeable difference
between the two techniques observed for the AGRI
and CMNT samples. Dolomite was only observed for
the CMNT sample and reported a comparable figure
to that obtained from QEMSCAN. Undetected
dolomite concentrations, as opposed to observed
quantities from QEMSCAN, for the other three
samples could possibly be ascribed to inadvertent
variances in either the sample homogeneity (even
though replicates were performed) or consistent
application of the Rietveld method during
identification and quantification of calcite and
dolomite concentrations from the obtained XRD
spectra.
From the XRF analyses (refer to Table 3), it was
further evident that Ca (as CaO) and S (as SO 3)
constituted the main components of all four samples.
Of the four samples KFGD and WLBD contained the
largest amount of CaO (49.6 and 48.3 wt.%
respectively) and SO3 (41.7 and 45.3 wt.%
respectively), whilst a relatively large amount of Mg
(as MgO) and Si (as SiO2) was observed for the
AGRI and CMNT sample respectively (i.e., 10.5
wt.% and 6.7 wt.%). The results obtained from XRF
showed a good correlation with the observed
concentrations for the main molecular or mineral
analogues identified using the other two techniques.
Elevated concentrations of SiO2, Al2O3, Fe2O3 and
coal observed in the KFGD sample (as detected by
QEMSCAN and XRF analyses) could most probably
have been the result of ultrafine fly-ash passing
through the upstream particulate matter control
device (i.e., fabric filter plant or FFP) followed by
subsequent accumulation in the FGD scrubber
3.2 Gypsum (CaSO4.2H2O) purity
Gypsum purity is one of the most important
characteristic quality parameters which determines
the suitability of FGD gypsum in the three main
South African gypsum industries (i.e., agriculture,
cement manufacturing as well as wallboard and or
plasterboard manufacturing) (Nevondo, 2009). The
following two equations were employed to estimate
the degree of gypsum purity from the TGA mass loss
profiles of each sample (VGB Powertech, 2008):
𝑋𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝐻2𝑂 = 100 ×
𝑋̃𝑔𝑦𝑝𝑠𝑢𝑚 = 100 ×

𝐸45 − 𝐴320
𝐸45

𝑋𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝐻2𝑂
20.93

(2)
(3)

temperature range between 45 and 320°C, E45 the
mass of the sample at 45°C after dehydration, A320
the final sample mass after thermal decomposition
of the associated crystal water around 320°C,
̃ 𝑔𝑦𝑝𝑠𝑢𝑚 the gypsum purity and 20.93 is the
𝑋
theoretical or maximum weight fraction of crystal
water contained in pure CaSO4.2H2O (VGB
Powertech, 2008). For the other three methods
gypsum purity was either determined directly
(QEMSCAN and XRD) or semi-quantitatively (XRF
as described in section 2.4). A summary of the
results obtained from the various methods is
provided in Table 5 below.
Table 5. Comparison of gypsum purity between
the four samples as determined by the different
analytical techniques.
Gypsum (CaSO4.2H2O) Purity (wt.%)
Method
KFGD

AGRI

CMNT

WLBD

TGA

92.3

92.6

83.4

99.0

XRD

95.3

94.2

90.9

98.2

XRF

91.6

82.3

84.5

93.5

QEMSCAN

91.7

79.0

80.8

98.5

MEAN

92.7

87.0

84.9

97.3

From Table 5 it is evident that gypsum purity
derived from the four analytical methods were very
similar for the KFGD and WLBD samples, whilst a
larger variance from the mean of the four determined
values was found for the AGRI and CMNT samples
(i.e., 87.015.0 wt.% and 84.98.6 wt.% respectively
assuming a 95% confidence interval). Although
conservative, gypsum purity as determined by XRF
was consistently lower for the lower purity samples
(AGRI and CMNT) but can be considered a useful
means of predicting the purity within a reasonable
level of accuracy for higher purity gypsum samples.
The accuracy of the XRF estimation technique is,
however, affected or influenced by the following two
limitations: (1) not all Ca (as CaO) in the sample is
bound to sulphate (SO42-) and (2) closure of the O
and S mass balance is not possible due to the
evolution (commonly referred to as the loss of
ignition or LOI) of these two atomic species as either
CO2, SO2 or H2O during sample preparation
(Schutte, 2018). Based solely on gypsum purity,
KFGD could provide a useful input into either the
agricultural or cement manufacturing industry when
compared to the other three samples. The gypsum
purity of KFGD was, however, found to be
approximately 4.2 wt.% lower than a Polish FGD
gypsum sample evaluated in a previous comparative
study (Schutte, 2018).

Where 𝑋𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝐻2𝑂 represents the weight
percentage crystal water released in the
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3.3 Excess limestone or CaCO3
During the WFGD process CaCO3 or limestone
reacts with SO2 and or SO3 in the flue gas to produce
CaSO3 and ultimately gypsum when forced oxidation
is employed in the FGD scrubber reaction tank. High
concentrations or excess amounts of CaCO 3 in the
produced gypsum product is indicative of poor
sorbent utilisation and FGD process inefficiencies.
Amongst other reasons, poor limestone or CaCO3
utilisation could be the result of either poor-quality
limestone used in the process or over-excessive
supply of limestone slurry to the FGD scrubber due
to flow control failures (Fujii, 2018). When applied in
the agricultural industry, FGD gypsum with high
levels of CaCO3 may lead to nutrient imbalances in
soil (Kost et al., 2014). Further processing will
therefore be required to minimise the CaCO3
content. The following equation was employed to
estimate the excess limestone or CaCO3 content
from the TGA mass loss profiles of each sample
(VGB Powertech, 2008):
𝑋̃𝐶𝑎𝐶𝑂3 = 2.27 ×

𝐸600 − 𝐴910
𝐸600

(4)

̃ 𝐶𝑎𝐶𝑂3 represents the weight percentage
Where 𝑋
CaCO3 in the sample, E600 the mass of the sample
at 600°C, A910 the final mass of the sample at 910°C
and 2.27 a fixed constant which relates to the
amount of CO2 which can be stoichiometrically be
produced during the decomposition of CaCO3. A
summary of the results obtained from the various
methods is provided in Table 6 below.
Table 6. Comparison of excess limestone or
CaCO3 content between the four samples as
determined by the different analytical techniques.
Excess limestone / CaCO3 (wt.%)

WLBD). The margin of error for the AGRI sample
was found to be the largest (47% of the mean value
assuming a 95% confidence interval) followed by the
CMNT sample (28% of the mean value assuming a
95% confidence interval). The observed higher
variance for the two samples can be attributed to the
inclusion of dolomite (CaMg(CO3)2) as part of the
conservative estimation of CaCO3 content from
QEMSCAN and XRD results. The CaCO3 content of
KFGD was found to be approximately 1.7 wt.%
higher than a Polish FGD gypsum sample evaluated
in a previous comparative study (Schutte, 2018).
3.4 Moisture content
The moisture content of FGD gypsum can have
a significant impact on product quality characteristics
such as appearance, weight, texture and shape but
may also impact the transportation costs in the event
that the gypsum is sold and exported (Berland et al.,
2010). Only TGA analysis could be used to
determine the moisture content present in the
various samples. Moisture content was determined
from the TGA results using the following equation:
𝑋̃𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = 100 ×

AGRI

CMNT

WLBD

TGA

2.4

7.3

7.4

0.0

XRD

3.0

6.3

8.8

0.0

QEMSCAN

3.6

9.9

9.8

0.5

MEAN

3.0

7.8

8.7

0.2

The CaCO3 content of the four samples were
found to be relatively low and ranged between 0.2
and 8.7 wt.% when comparing the statistical mean
across the three different results for each sample.
From the results in Table 6 it is clear that the KFGD
sample outperformed both the AGRI and CMNT
samples on the basis of CaCO3 content. A good
correlation between the values of the three different
analytical methods was once again observed for the
higher gypsum purity samples (i.e., KFGD and

(5)

̃ 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 represents the weight percentage
Where 𝑋
moisture in the sample, Room the initial mass of the
sample at room temperature and A45 the final mass
of the sample at 45°C. A summary of the results
obtained are provided in Table 7.
Table 7. Comparison of moisture content between
the four samples as determined by TGA.
Moisture Content (wt.%)
Method

Method
KFGD

𝐸𝑟𝑜𝑜𝑚 − 𝐴45
𝐸𝑟𝑜𝑜𝑚

TGA

KFGD

AGRI

CMNT

WLBD

0.00

0.36

0.09

0.02

From the table above it is evident that the
moisture content of the KFGD sample was
significantly lower than the other samples. The lower
moisture contents observed for the four samples
can, however, be attributed to the prolonged drying
of the samples at ambient conditions. The accuracy
and applicability of this parameter can, however, be
disputed if one considers industrial aspects such as
stockpiling and dewatering requirements for FGD
produced gypsum to conform to market-related
quality specifications. For future studies it is
recommended that moisture or free water content
also be assessed directly on-site during stockpiling
or sampling.
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The use of the VGB-M 701e prescribed
temperature of 45°C also poses a concern as it could
result in an underestimation of sample moisture. The
use of a higher temperature (e.g., 105°C normally
used for drying coal samples) can however also
result in challenges to deconvolute between the
release of free moisture and the evolution of
decomposed water of crystallization (Schutte, 2018).
The effect of different TGA heating profiles on
moisture content and gypsum purity will, therefore,
have to be assessed in future studies.
3.5 Sulphite content
Sulphites (SO32-) are generally difficult to dewater
and have little to no value as a commodity when
present in excessive amounts in FGD gypsum (Fujii,
2018). The presence of large amounts of sulphite in
WFGD gypsum is a clear indication that the oxidation
reaction has not proceeded fully to completion to
form CaSO4. Un-oxidised or partially oxidised
gypsum containing sulphite must often be blended
with fly ash to produce a solid material. This is not
ideal for the agricultural industry (Buecker, 2007).
The use of high-purity limestone (with a CaCO3
content of 93 wt.% or greater) and sufficient air
supply to the FGD absorber reaction tank to ensure
full oxidation of CaSO3 to CaSO4 is normally
recommended to ensure that the produced WFGD
gypsum meets the necessary industry specific
quality criteria (Bureau of Indian Standards - BIS,
2003; Eurogypsum, 2012; Keeling et al., 2001; OTM,
2009; Pacific Fertiliser, 2015; Ramme and
Tharaniyil, 2004; Schutte, 2018;). Furthermore, it is
imperative that fly-ash carry-over from particulate
matter control devices (e.g., FFP or ESP) is kept to
a minimum to ensure that unnecessary competing or
side reactions are not introduced. A summary of the
results obtained from the various methods is
provided in Table 8 below.
Table 8. Comparison of sulphite content as
determined by the different analytical techniques.

subjected to semi-dry FGD). Of all four samples
KFGD showed the highest sulphite content (0.24
wt.%).
3.6 Chloride content
Chlorides are introduced during the WFGD
process through poor quality limestone or as a result
of poor-quality process water used for limestone
slurry production. Chloride levels in the FGD
scrubber process slurry can reach or exceed as
much as 30 000 ppm (Ramme and Tharaniyil, 2004).
High chloride content in FGD gypsum can, however,
be reduced using a freshwater wash at the beginning
of either the vacuum drum or the belt filter unit
operation (Córdoba, 2015). This is the current
practice at Eskom’s new power station. A summary
of the results obtained from both standard and
alternative analytical methods is provided in Table 9
below.
Table 9. Comparison of chloride content as
determined by the different analytical techniques.
Cl-1 / Chloride Content (wt.%)
Method
KFGD

AGRI

CMNT

WLBD

Titration*

0.35

0.49

0.24

0.24

XRF

0.01

0.00

0.00

0.00

* Based on Eskom’s site specific procedure as influenced by
VGB-M 701e (VGB Powertech, 2008).

Chloride content of the four gypsum samples, as
measured using Eskom’s internal quality procedure,
ranged between 2400 and 4900 ppm (or 0.24 – 0.49
wt.%). Chlorides (part of trace element analysis) was
only observed for KFGD using XRF analysis. The
determined Cl- value for KFGD was also found to be
more than one order of magnitude smaller than the
result determined using standard methods. Further
investigation will be required to fully elucidate the
large discrepancy in the results observed between
the two analyses.

SO32- / Sulphite Content (wt.%)
Method
KFGD

AGRI

CMNT

WLBD

Titration*

0.24

0.06

0.19

0.06

XRD

ND**

ND**

ND**

ND**

QEMSCAN

ND**

ND**

ND**

ND**

* Based on Eskom’s site specific procedure as influenced by
VGB-M 701e (VGB Powertech, 2008). **Not Detected (ND).

Sulphites were not detected by either QEMSCAN
or XRD analysis for all four samples. The suitability
and accuracy of XRD to evaluate sulphites was,
however, confirmed by also testing a sample known
to contain CaSO3 (i.e., spent hydrated lime sorbent

3.7 Valorization potential of KFGD
To assess the valorisation potential of Eskom’s
WFGD gypsum product, the determined chemical
characteristics need to be compared to the relevant
quality criteria set by the respective natural gypsum
industries. Table 10 below provides a consolidated
summary of typical gypsum quality parameters
considered for wallboard, cement and agricultural
grade gypsum (Bureau of Indian Standard - BIS,
2003; Eurogypsum, 2012; Keeling et al., 2001; Over
the Moon Consultancy - OTM, 2009; Pacific
Fertiliser, 2015; Ramme and Tharaniyil, 2004;
Schutte, 2018;). The table also includes a summary
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of sample KFGD’s (expressed as a range of results
from the different analytical techniques) gypsum
purity, CaCO3 content, chloride content, sulphite
content and moisture content. A comparison
between these five main chemical characteristics
and the different quality criteria for each respective
grade of industrial gypsum indicates that Eskom’s
WFGD gypsum has the potential to provide a
positive input into the gypsum market and substitute
natural gypsum as feedstock for the cement and

agricultural industry. For the cement grade, the
concentration of chlorides, Na2O, MgO and K2O
exceeded the prescribed quality criteria and requires
Eskom to re-evaluate the effectiveness of its fresh
water washing practices to significantly reduce these
values below the quality specification. Further
WFGD process optimization efforts may potentially
improve the quality of the produced gypsum to
conform to the quality specifications set out for the
wallboard industry.

Table 10. Comparison of KFGD against gypsum quality criteria for the different grades or industries of application.
General Quality Criteria

KFGD
(Range**)

Agriculture Grade

Cement Grade

Wallboard Grade

91.6 – 95.3 wt.%

> 70 wt.%

> 82 wt.%

> 95 wt.%

Sulphite Content

0.24 wt.%

Not Specified

< 0.5 wt.%

< 0.5 wt.%

Moisture Content

0.00 wt.%

< 15 wt.%

< 10 wt.%

Not Specified

2.4 – 3.6 wt.%

Not Specified

Not Specified

< 5 wt.%

0.01 – 0.12 wt.%

Not Specified

< 0.05 wt.%

< 0.01 wt.%

Na2O Content

0.3 wt.%*

Not Specified

< 0.05 wt.%

< 0.05 wt.%

MgO Content

0.8 wt.%*

Not Specified

< 0.06 wt.%

< 0.1 wt.%

K2O Content

0.1 wt.%*

Not Specified

< 0.06 wt.%

Not Specified

Characteristic Properties
Purity (CaSO4.2H2O) min

Excess limestone / CaCO3
Chloride Content

* Obtained from XRF analysis. ** Range of chemical parameters as determined by the different analytical techniques.

4. Conclusions
FGD gypsum is used internationally to provide an
input into various industries such as construction,
landfilling, agriculture etc. The purpose of this study
was to evaluate the valorisation potential of FGD
gypsum produced as a by-product at Eskom’s new
power station as a suitable alternative to the main
gypsum industries in South Africa. The purity and
various other characteristics that influence the
quality of the gypsum determines in which of the
main gypsum industries the FGD gypsum can be
utilised. QEMSCAN, XRF and XRD have been
shown, within an acceptable margin of error, to be
considered suitable alternative techniques for
determining some of the important chemical
characteristics of FGD gypsum. The results obtained
also prove the consistency achieved using the
various testing techniques and confirm the
applicability of using these techniques which
conforms to international practise. XRD analysis,
however, was the only technique to distinguish
between the different crystal water structures
present in the gypsum and confirmed that the FGD
samples are of a dihydrate form which is consistent
with the composition of natural occurring gypsum.
KFGD sample has an average gypsum purity of
between 91.6 and 95.3 wt.% which exceeds the
required quality criteria stipulated for the cement and

agricultural industries. The values obtained for
moisture content, excess CaCO3 content and
sulphite content were also within the specified
quality ranges for gypsum used within the cement
manufacturing and agricultural industry. The FGD
gypsum produced at Eskom’s power station can
therefore provide a positive input into the cement
and agriculture gypsum industries as a suitable
alternative to natural occurring gypsum used in
these industries. Quality parameter results obtained
for the three industrial analogues also conformed to
quality specifications provided in open literature.
Further process optimization efforts such as
increasing the effectiveness of fresh water washing
and the SO2 removal efficiency of the FGD
scrubbers may not only improve the FGD gypsum
quality but also make the product suitable for the
wallboard manufacturing industry.

5. Recommendations
Monitoring the process, consistency of results
obtained as well as regularly evaluating the quality
of the gypsum will allow for operating conditions to
be determined more accurately and ensure that FGD
gypsum is produced with superior quality. Consistent
supply of high quality FGD gypsum will attract major
players in the South African and or international
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gypsum market. Improved instrumentation and more
suitable on-site (and real-time) testing methods need
to be employed at the power station.
Automated TGA analysis is recommended as a
supplementary technique to the site-specific tests
due to its simplicity, relatively low operating cost and
consistency in producing reliable and reproduceable
results. QEMSCAN is a rapid technique that is able
to produce reliable and repeatable mineralogical
data but its high operating cost questions its
suitability for day-to-day quality control verifications.
Although XRD analysis is a versatile, nondestructive analytical technique, it relies strongly on
sample homogeneity which would subsequently
require several samples to be tested to obtain
accurate results (especially for low concentration
species). This too can become a costly exercise.
However, there remains value in employing the
advanced analytical techniques as part of the power
station’s quality control and process performance
strategy. Titrimetric and dry weight balance tests can
be conducted daily on site and assist with identifying
the optimal plant operating conditions, whilst
composite samples can be obtained for a detailed
analysis monthly using TGA and or XRF analysis.
XRD and QEMSCAN analyses may be reserved for
persistent challenges with FGD performance and or
elevated levels of impurities (above prescribed
quality limits) observed in the produced FGD
gypsum.
Perform a detailed international and local market
analysis and techno-economic assessment to
quantify more accurately the valorisation potential
and upgradation options of FGD gypsum produced
from Eskom’s wet FGD processes.
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A comprehensive bottom-up vehicle emissions inventory was developed for the
eThekwini Metropolitan Municipality (EMM) using COPERT. COPERT is a computer
program that calculates emissions from road transport using variables including vehicle
type, emissions regulation, vehicle activity, average speed, environmental conditions,
fuel specifications etc. Emissions from vehicle exhaust, brake and tyre wear, air
conditioning and evaporation were calculated.
The study highlights the lack of the key basic data to optimally undertake an inventory of
this kind in South Africa. Methods and assumptions used to fill in data gaps are
presented.
The COPERT output indicates that diesel vehicles represent the most significant emitters
of NOX, but also emit high proportions of CO2 and PM. Petrol vehicles, on the other hand,
are the most significant emitters of CO and VOCs. Heavy duty trucks produce the most
CO2 and therefore have the highest impact on global warming. Passenger cars are
shown to emit the most SO2, however, because of a lack of data on the sulphur content
of fuel sold, this is probably an overestimation of the actual.
Using road vehicle counts, the total emissions calculated in the inventory were allocated
to corresponding 1 km x 1 km grid cells using the DROVE algorithm. From this, six
‘hotspot’ areas were identified within the municipality.
Keywords: bottom-up, vehicle emissions inventory

1. Introduction
Vehicle emissions are considered significant
sources of air pollution, particularly in dense, highly
urbanised areas. Vehicle engines can emit various
pollutants into the atmosphere, including nitrous
oxides (NOX), sulphur dioxide (SO2), carbon
monoxide (CO), particulate matter (PM), and volatile
organic compounds (VOCs). Air pollution from traffic
has accentuated negative health impacts due to its
emission at ground level where people can be
directly exposed.
Top-down approaches using fuel consumption as
a proxy to estimate vehicle activity, are the first order
means to estimate total emissions. Estimating
emissions from road transport using the ‘bottom-up’
approach is a complex process that relates the
operating conditions of the vehicle fleet to both
temporal and spatial air pollutant emission rates.
Emission rates from vehicles vary according to many
factors, including vehicle technology, vehicle speed,
road gradient, engine temperature, climatic
conditions etc. The main benefit of using a bottomup approach is that the level of detail is only
restricted by the availability of reliable data.
However, the converse is also true – the quality of a

bottom-up emissions inventory depends on the
reliability of both the emission factors and the activity
data (Cifuentes, et al. 2021; EMEP/EEA, Update
2021).

2. Methodology
COPERT is a computer program that calculates
emissions from road transport using many variables
such as vehicle type, emissions regulation, vehicle
kilometres travelled, trip length, average vehicle
speed, environmental conditions, fuel specifications
etc. (EMEP/EEA, Update 2021). COPERT is a
technologically
advanced,
transparent
and
internationally recognised research tool and is the
EU standard vehicle emissions calculator. It is also
used in some parts of Asia, the USA and Australia to
account for vehicle emissions in their respective
inventories and planning programmes. Emission
factors are constantly updated (the last update in
2021) and emission factors for new vehicle
technologies are included. Version 5.5.1 was used
for this emissions inventory (EMISIA SA, 2021).
Emission factors are determined by a number of
variables:
• The physical properties of a vehicle.
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• Fuel properties.
• The environment in which the vehicles operate
including road type, gradient and surface; air
density, humidity and temperature; and the level
of congestion.

COPERT allows for these variables to be
incorporated into the emission calculations (Figure
1). Some of the variables are already included in the
programme, while others are user-defined.

Figure 1. Flow chart of the application of the baseline methodology used in COPERT (EMEP/EEA, Update 2021).

3. Input Variables
3.1 Vehicle stock grouping and activity
data
The physical properties of a vehicle such as
mass, drag coefficient, engine and drivetrain
technologies etc. are important determinants of
emission rates. These variables are accounted for in
COPERT by splitting the vehicle parc into vehicle
categories by size, age, fuel type and respective
vehicle technologies. The vehicle categories
covered are Passenger cars, Light Commercial
Vehicles (LCVs), Heavy Duty Trucks, Urban Buses,
and L-Category vehicles. These categories are
further split into segments or classes specific to each
vehicle category.
The Road Traffic Management Corporation
(RTMC) of South Africa provided data on the
registered vehicle population per Motor Vehicle
Registering Authority as at 31 December 2021.
Vehicle stock characteristics from this dataset were
used to split the vehicle count according to the
required categories and segments for COPERT. The
main distinguishing factor between segments is
gross vehicle mass.
COPERT also requires the division of each
vehicle segment into Euro Standard technology
groups. The technology steps range from 1970s

technologies (PRE-ECE) up to current technologies.
Allocation of the vehicle stock to different
technologies is key in developing an accurate
emission inventory since emission rates have
decreased with each new technology step-up.
According to the EMEP/EEA air pollutant
emission inventory guidebook for 2019 (EMEP/EEA,
Update 2021), a correspondence between the
national technological classification and European
legislation classes can be approximated based on
assumptions regarding the year of manufacture of
the vehicle and emission control technology in the
vehicle. The guidebook provides the start and end
date of implementation of the different European
emission standards for the different technologies.
These implementation dates were used to split the
EMM 2021 vehicle parc into different emission
technology groups according to their year of
manufacture. Where there was an overlap in years,
vehicles were added to the older technology
grouping as a conservative measure.

3.2 Annual and cumulative mileage
The emissions of the entire vehicle parc are
dependent on the number of kilometres driven by
each vehicle. However, annual mileage is not one of
the required parameters collected for vehicle
licensing purposes in South Africa. Different models
have been developed to estimate average annual
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mileage. However, the complexity of this type of
estimate is evident in the range of values calculated.
For this project, the values calculated for Coastal
KZN (Stone, 2004) were used. They did, however,
not have figures for large passenger cars such as
SUVs and for motorcycles. The average mileage
calculated in quantifying the energy needs of the
transport sector (Merven et al. 2012) were used for
these vehicle categories (Table 1).
The lifetime cumulative mileage of vehicles is
relevant for both the calculation of evaporative
emissions and the estimation of mileage degradation
parameters in COPERT. This information is,
however, also not mandatory for capturing in the
South African licence-renewal process and was not
available for this project. Therefore, the average
annual mean distance travelled by each category of
car was used, multiplied by the number of years
since the introduction of each technology group into
the market, to estimate a lifetime cumulative
mileage.

pollutants during the warming-up period are many
times higher than during hot operation. A relevant
factor, corresponding to the ratio of cold over hot
emissions, is applied to the fraction of kilometres
driven with a cold engine. This factor varies from
country to country because of different driving
patterns and congestion levels, and ambient
temperature also affecting the time required to warm
up the engine and/or the catalyst (EMEP/EEA,
Update 2021). For the calculation of cold-start
related emissions, the mean trip length, the average
monthly temperature, and a temperature and trip
length dependent cold-start correction factor are
used (Ahlvik, et al. 1997).
‘Hot emissions’ are the emissions from vehicles
after they have warmed up to their normal operating
temperature. Different emission factors are
calculated within COPERT for each vehicle category
and class.

Table 1. Assumed average vehicle mileage
(km/annum).

A study was undertaken in 2006/2007 which
surveyed the engine-operating parameters, driving
conditions and vehicle usage profiles of thirty
vehicles in the City of Johannesburg, for a total of
716 hours covering 29 587 km. The results indicated
an average trip duration of 17 minutes, an average
trip distance of 11.5 km and an average speed of 41
km/h (Goyns, 2008). This is very close to the default
trip length of 12 km and trip duration of 15 minutes
provided by COPERT but indicates a slightly higher
level of traffic congestion and was, therefore,
included instead of the default.

Average annual
vehicle mileage
of RSA vehicle
stock (Merven
et al. 2012)

Average
annual vehicle
mileage of
Coastal KZN
vehicle stock
(Stone, 2004)

Diesel car

21 254

18 873

Gasoline car

16 169

14 016

Diesel SUV

20 314

-

Gasoline SUV

19 128

-

Diesel LCV

19 202

20 577

Gasoline LCV

16 662

16 552

Diesel MCV

33 417

34 211

Gasoline MCV

13 575

38 229

Diesel HCV
Diesel Minibus
Taxi
Gasoline
Minibus Taxi
Diesel Bus

48 403

72 354

43 474

70 332

30 927

-

22 072

61 985

8 340

-

COPERT
Category

Motorcycle

3.3 Hot/Cold engine starts
Cold-start emissions are calculated by COPERT
as an extra emission above the emissions that would
be expected if all vehicles were only operated with
hot engines and warmed-up catalysts. The
distinction between emissions during the ‘hot’
stabilised phase and the transient ‘warming-up’
phase is necessary because of the substantial
difference in vehicle emission performance during
these two conditions. Concentrations of some

3.4 Average trip duration and distance

3.5 Circulation Activity
Vehicle speed also has a major influence on
exhaust emissions. COPERT allows for the effect of
speed to be included in its calculations by
distinguishing emission factors according to driving
or traffic conditions. To this end, emission factors in
COPERT are sub-divided into ‘highway’, ‘rural’ and
‘urban’ driving conditions. Urban driving is also
subdivided into peak and off-peak times. During
congested traffic the number of accelerationdeceleration cycles increases which affects
emissions. Different activity data and emission
factors are attributed to each driving situation
(EMEP/EEA, Update 2021). Cold-start emissions
are attributed mainly to urban driving (and
secondarily to rural driving), as it is expected that a
limited number of trips start on highways.
The average speeds used for this EMM
emissions inventory are an average of the speeds
calculated by Goyns (2008) for main roads and
streets combined – 38 km/hr and 29 km/hr for urban
off-peak and peak respectively. The average vehicle
speed recorded by the SANRAL traffic counts on the
freeways in the EMM, of 93.1 km/hr for all vehicles,
is the value used for highway driving.
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3.6 Driving conditions affecting power
used

Table 2. Assumed fuel sales in the EMM in 2021.

COPERT allows for two other variables which
affect emissions to be included in the calculations.
They are road slope and vehicle load.
In principle, the emissions and fuel consumption
of both light and heavy-duty vehicles are affected by
road gradient. Nevertheless, the overall gradient
effect on the behaviour of light duty vehicles
(passenger cars and light duty trucks) was found to
be very small, lying in the range of uncertainty of the
basic emission factors. On the other hand, because
of their higher masses, the gradient influence is
much more significant in the case of heavy-duty
vehicles (Keller et al. 1995). COPERT, therefore,
only adjusts emission rates for buses and trucks in
relation to gradient, allowing for a maximum of 6%
average road inclinations for these two vehicle
categories.
The average gradient of all the roads in the EMM
is 3.22%. Approximately 16% of the roads in the
EMM have a gradient greater than 6%, with a
maximum gradient of 9%. A gradient of 4% was
included in the calculations for heavy vehicles in this
emissions inventory.
The fuel consumption, as well as the emission
rate of an engine, change in accordance with the
vehicle weight. The lower the vehicle load, the lower
the overall weight, the less is demanded from the
engine and vice versa.
The default loading for all vehicles in COPERT is
50%. For smaller vehicles, a load factor of 50% is in
line with the actual fleet average and thus, the load
effect is not user defined. A high load fluctuation is
expected for heavy duty vehicles, depending on the
different vehicle use. COPERT, therefore, allows for
the vehicle load parameter to be adjusted for buses
and trucks (Ahlvik, et al. 1997). However, there is no
data available in South Africa to justify changing this
parameter, therefore, the default of 50% was
accepted for all vehicle classes.

3.7 Fuel sales
Annual fuel sales are required for COPERT to
perform an energy balance between the calculated
energy requirements and the actual fuel energy
consumption. For this inventory, only the first quarter
fuel sales for 2021 were available on the Department
of Mineral Resources and Energy website. This was
multiplied by four and converted into the calorific
value (Table 2) using the default calorific and density
values given by the EMEP/EEA air pollutant
emission inventory guidebook (EMEP/EEA, Update
2021).

Fuel

Litres Sold

Calorific Value [TJ]

Petrol

1 017 751 180

33 413

Diesel

1 991 447 729

71 421

In order to balance the statistical and the
calculated energy consumption, the COPERT
software follows a two-step approach. First, it
matches the fossil/bioenergy consumption ratio
defined in the statistical values by modifying the
blend type and blend share. Once this is achieved a
second modification to the mileage is applied in the
form of a correction factor in order to match the total
statistical energy consumption level. These updated
values for both the fuel blend characteristics and the
annual mileage are then used to calculate the total
emissions (EMISIA SA, 2021).

3.8 Temperature and relative humidity
Evaporative emissions from diesel vehicles are
considered to be negligible due to the presence of
heavier hydrocarbons and the relatively low vapour
pressure of diesel fuel (EMEP/EEA, 2019).
Evaporative VOC emissions from petrol fuelled
vehicles, on the other hand, add to total NMVOC
emissions.
There are three primary sources of evaporative
VOC emissions from vehicles: a) diurnal emissions
b) hot soak emissions and c) running losses. These
are estimated separately by COPERT. All three
types of evaporative emissions are significantly
affected by the volatility of the petrol being used; the
absolute ambient temperature and temperature
changes; and vehicle design characteristics. For
petrol vehicles with fuel injection and returnless fuel
system, for example, there are no hot soak nor
running loss evaporative emissions (EMEP/EEA,
2019).
COPERT allows the user to provide values for
monthly average minimum and maximum
temperatures. Moreover, the user may provide the
relative humidity per month. The programme uses
this to calculate the fuel evaporation as well as the
load of air-conditioning.
The meteorological data used for this emissions
inventory were obtained from various sources. The
temperatures for Wentworth Reservoir were
extracted from the National Air Quality Indicator Monthly data reports for the KwaZulu-Natal Province
which were downloaded from the SAAQIS website.
The temperatures for New Germany and Cato Ridge
were provided by the municipality.
The monitoring stations are located near the
coastline (Wentworth Reservoir), and then
progressively further inland (New Germany near the
centre of the EMM and Cato Ridge furthest inland),
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providing a good range of the expected
temperatures across the municipality. The average

of the three (Table 3) was used as input into
COPERT.

Table 3. Monthly minimum and maximum temperatures [℃].

Wentworth Reservoir
Month

New Germany

Cato Ridge

EMM Average

Min

Max

Min

Max

Min

Max

Min

Max

Jan

17.3

34.4

20.0

34.4

17.6

35.8

18.3

34.8

Feb

16.5

33.9

19.4

34.3

17.2

35.7

17.7

34.6

Mar

16.9

32.1

17.9

33.1

17.1

34.0

17.3

33.1

Apr

15.5

32.7

16.2

33.3

14.4

32.1

15.3

32.7

May

10.7

30.2

12.7

32.3

14.1

30.6

12.5

31.0

Jun

9.9

29.0

11.2

32.1

11.5

30.0

10.9

30.4

Jul

9.2

30.0

12.7

31.6

12.2

31.1

11.3

30.9

Aug

11.1

32.1

12.6

33.1

12.5

34.0

12.1

33.0

Sep

12.7

27.8

13.7

34.9

13.1

37.8

13.2

33.5

Oct

12.6

28.8

14.8

33.7

14.9

36.6

14.1

33.0

Nov

15.7

31.6

13.9

33.7

14.3

36.1

14.6

33.8

Dec

-

-

16.6

35.5

17.8

37.6

17.2

36.6

3.9 Air conditioners
Mobile air conditioning use varies considerably
depending on factors such as climate, time of day,
time of year, type of vehicle, vehicle colour,
outdoor/indoor parking, occupant clothing, recent
occupant activity levels, length of trip, vehicle speed,
and personal preference. In South Africa, keeping
vehicles’ windows closed for security reasons will
also play a role. The power necessary to operate a
vehicle air-conditioning compressor is significant – it
can be greater than the engine power required to
move a mid-sized vehicle at a constant speed of 56
km/h (Farrington & Rugh, 2000). The proportion of
annual vehicle fuel consumption used by mobile air
conditioning varies by country, ranging between 3%
in colder climates and 20% in hotter climates.
Furthermore, over shorter timescales, mobile air
conditioning can peak at over 40% in warm climates
and congested traffic (Iea, 2019).
The COPERT default of 40% for passenger cars
and light commercial vehicles was included in this
inventory.

3.10 Reid vapour pressure
The volatility of liquid fuels is critical for both
combustion efficiency and reduced emissions. The
volatility of petrol can be measured in terms of its
Reid Vapour Pressure (RVP).
In terms of combustion efficiency, the desired
volatility depends on the ambient temperature and
altitude. In hot weather or higher altitudes, petrol
components of higher molecular weight and
therefore lower volatility are used, whereas, in cold

weather, a high vapour pressure fuel is required to
start the engine and allow efficient operation. In hot
weather and older vehicle technology, excessive
volatility results in what is known as ‘vapour lock’,
where combustion fails to occur because the liquid
fuel has changed to a gaseous fuel in the fuel lines,
rendering the fuel pump ineffective and starving the
engine of fuel. The advent of pressurized fuel
injection lines where the fuel pump is located in the
fuel tank has eliminated the potential for vapour lock
in most modern vehicles (Gaspar, et al. 2019).
However, volatility needs to be regulated,
particularly in large cities, in order to reduce the
emission of unburned hydrocarbons (Department of
Energy – DoE, 2011). The addition of oxygenates is
used to regulate the vapour pressure of the fuel,
which in turn changes the amount of high volatility,
low-cost components that may be added.
Specifically, more low-cost butane can be
incorporated to increase octane in winter blends. In
summer, the butane content must be lowered to
meet the RVP specification, which in turn requires
the use of higher cost components, such as
isoparaffins, to meet the required minimum octane
rating (Gaspar, et al. 2019).
Proposals for regulations regarding the
introduction of Clean Fuels II were gazetted in South
Africa to come into effect on 1 July 2017 (DoE,
2011). In these proposals, the RVP was reduced
from a range of 45 to 75 kPa to a range of 45 to 65
kPa with a 5kPa waiver of the 65kPa maximum
allowed when ethanol is used. The target date of July
2017 was postponed to a date to be determined by
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the Minister responsible for Energy in the future. In
2021, new regulations were gazetted to come into
effect on 01 September 2023 (Department of Mineral
Resources and Energy – DMRE, 2021). These
regulations, however, do not specify RVP
requirements. The current RVP range of 45 kPa in
summer (1 October to 31 March) and 75 kPa in
winter (1 April to 30 September) were, therefore
used for this project.

initiative of 2006 is 500 ppm. Although synthetic fuels
produced by Sasol are virtually sulphur free, the
percentage of fuels from this source was not known
and could, therefore, not be taken into account for
this emissions inventory.

3.12 Selective catalytic reduction
Selective Catalytic Reduction (SCR) is an
advanced active emissions control technology
system that reduces tailpipe emissions of NO X by
70% to 90% in newer generation diesel-powered
vehicles (Ashwin, et al. 2022). COPERT has the
option to include the effect of SCR technology on
CO2 emissions. This is automatically included as a
function of the technology distribution of the vehicle
parc.

3.11 Fuel sulphur content
Diesel fuel contains sulphur which derives from
the original crude oil source and can still be present
after refining. There are three different sulphur
content diesel fuels available commercially in South
Africa – fuels with a sulphur content of 500 parts per
million (ppm), 50 ppm and 10 ppm. After combustion
in the engine, the sulphur in fuel forms particulates
that are a primary contributor to air pollution and the
cause of harmful corrosion in the engine. In
COPERT the emissions of SO2 are estimated by
assuming that all sulphur in the fuel is transformed
completely into SO2. In 2021 approximately 36%,
57% and 7% of diesel in South Africa were in the 500
ppm, 50 ppm and 10 ppm marketable grades
respectively (Abdoun, 2021). This is equivalent to an
average of 204 ppm in all the diesel used, which is
the value input into COPERT for this inventory.
The current maximum sulphur level allowed in
ULP petrol since the government’s Clean Fuels 1

4. Emission inventory results
4.1 Energy Consumption
Energy consumption per vehicle category as
calculated by the COPERT software is shown in
Table 4. As is evident in the results, COPERT
assumes that the number of cold starts for buses and
trucks is only a very small percentage of usage.
Evaporation is only calculated for petrol vehicles,
and air conditioning is only allocated to passenger
cars and light commercial vehicles. The totals show
that heavy duty trucks account for most of the fuel
energy consumed in the municipality.

Table 4. COPERT outputs of energy consumption of the EMM vehicle parc in 2021.
Energy Consumption [TJ]
Vehicle Category
Hot

Cold

Evaporation

Air Con

Total

Passenger Cars

31 134

1 800

57

1 928

34 919

Light Commercial Vehicles

15 932

792

11

736

17 471

Heavy Duty Trucks

47 140

-

-

-

47 140

4 997

-

-

-

4 997

172

-

2

-

174

Buses
L-Category

4.2 Main pollutant emissions
Annual emissions of the five most significant
pollutants from vehicles are shown in Figure 2.
The graph shows that approximately 37% and
39% of CO emissions originate from passenger cars
and light-duty commercial vehicles respectively. On
the other hand, heavy-duty diesel trucks are
responsible for 66% of the total NOX emissions.
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The main source of emissions from unpaved
roads is from the resuspension of loose material on
the road surface. Fugitive dust emissions from
unpaved roads depend on traffic volumes, average
vehicle speed, mean vehicle weight, road surface silt
content, and road surface moisture (US EPA, 1995
c13s2.2). These datasets and parameters were not
available for the EMM. Furthermore, traffic count
data were only available for 40 of the 19 960
unpaved roads in the EMM. In order to give a true
representation of dust emissions from the unpaved
road network in EMM much more information is
required.

4.4 NMVOC emissions

Figure 2. Annual emissions from the different
vehicle categories in the EMM in 2021.

Evaporative emissions only occur in relevant
quantities from petrol vehicles in the form of NMVOC
emissions. Diesel vehicles, on the other hand, have
exhaust emissions of NMVOC (Figure 4). NMVOC
emissions are affected by fuel volatility (RVP), and
the average monthly temperature and temperature
variations
(EMEP/EEA,
Update
2021).
Approximately 56% of all NMVOC emissions from
vehicles in the municipality are from evaporation.

4.3 Particulate matter emissions
Emissions of particulate matter from vehicles on
paved roads originate from exhaust emissions, tyre
wear, brake wear and road abrasion (Figure 3). Most
of the emissions are in the fine fraction – below 2.5
μm. The coarse fraction of particles, between PM2.5
and PM10, is negligible in vehicle exhausts but
represents a large portion of brake wear emissions.

Figure 4. NMVOC emissions from vehicles in the
EMM in 2021.

4.5 Sulphur dioxide emissions

Figure 3. Emissions of particulate matter from
vehicles on paved roads in the EMM in 2021.

In COPERT, the emissions of SO2 are estimated
by assuming that all sulphur in the fuel is
transformed completely into SO2. Although synthetic
fuels produced by Sasol are virtually sulphur free,
the percentage of fuels from this source was not
known and could, therefore, not be taken into
account for this study. The estimated sulphur dioxide
emissions from petrol vehicles in particular are,
therefore, likely to be higher than the actual (Figure
5).
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4.6 Greenhouse gas emissions
Emission values calculated through COPERT
indicate that passenger cars emit the most CH4 in
the EMM, while heavy trucks emit the most CO2 and
N2O. The 100-year global warming potentials as
reported by the United Nations Framework
Convention on Climate Change (Forster, et al.,
2007) were used to calculate the ‘Carbon dioxide
equivalent’ (CO2e). Overall, heavy duty trucks have
the highest global warming impact (Table 5). CO2 is
by far the highest GHG emission from vehicles.

Figure 5. Sulphur dioxide emissions from vehicles
in the EMM in 2021.
Table 5 Greenhouse gas emissions from vehicles in the EMM in 2021.

CO2
[t]

N2O
CO2e
[t]

N2O
[t]

CH4
CO2e
[t]

CH4
[t]

Total CO2e
[t]

Passenger Cars

2 542 790

41

12 087

157

3 932

2 558 810

LCVs

1 288 363

39

11 686

42

1 060

1 301 109

Heavy Duty Trucks

3 510 773

53

15 942

51

1 287

3 528 003

372 614

4

1 135

7

170

373 919

12 463

0

74

9

226

12 763

Buses
L-Category

4.7 Comparison to other vehicle emission
inventories
A comparison of the results of this emissions
inventory with three other emissions inventories for
the EMM/eThekwini Region are presented in Table
6. It should be noted that the areas included in the
inventories are different – the current and the EMM
AQMP Review (uMoya-NILU, 2015) only include the
EMM area, while the domains of the eThekwini
Regional Emissions Inventory (Naidoo et al. 2019)
and the Global Emissions Inventory (Crippa, et al.
2018) cover a rectangular area which includes
Pietermaritzburg.
Different methodologies were used in the
compilation of each of these inventories. The current
inventory is a bottom-up emissions inventory, using
the COPERT software as described above. The
EMM AQMP Review used a top-down approach
based on fuel sales data. The eThekwini Regional
Emissions Inventory used a hybrid bottom-up/topdown approach in which bottom-up estimates were
based on available road counts and top-down
estimates were based on DoE reported fuel sales.
The Global Emissions Inventory was based on the
EDGAR
(Emissions
Database
for
Global
Atmospheric Research) v4.3.2 database which uses

a bottom-up methodology applying sector-specific
emissions consistently for all world countries. Crippa
et al. (2018) developed a global emissions inventory
for the extended time series (1970-2012) using the
EDGAR database. This inventory was re-gridded to
the 0.01-degree resolution for the eThekwini region
by Naidoo et al. (2019).
The calculated emissions for NOX, PM2.5, and
SO2 are fairly similar to the Global Emissions
Inventory emissions. The difference in PM10 is
probably because only exhaust emissions were
calculated for the Global Emissions Inventory, while
the current inventory includes emissions from tyre
and brake wear as well as road abrasion. The
similarity of the SO2 emissions with the current
emissions inventory may support the conclusion that
the emissions calculated are more in line with the
older sulphur contents of fuels (500 ppm) and that
current emissions are likely lower than those
presented.
CO emissions calculated are above the
eThekwini Regional Emissions Inventory values, but
lower than for the other two inventories. This may be
the result of including emission factors for newer
technologies with more efficient combustion
engines.
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VOC emissions calculated are also above the
eThekwini Regional Emissions Inventory values, but
far lower than for the other two inventories. COPERT
takes into account temperature, changes in
temperature, and RVP in its calculation of
evaporative emissions. The warm coastal climate of
KZN enhancing evaporative emissions is, therefore,

considered in the current emissions inventory. 56%
of the NMVOC emissions for the current inventory
are from evaporation. Advances in technology which
are effective in reducing evaporative or exhaust
emissions of VOCs are also taken into account by
COPERT.

Table 6. Vehicle emission rates (Tonnes per annum) estimated for the EMM/eThekwini Region.

Pollutant

Current Vehicle
Emissions
Inventory for 2021

EMM AQMP Review
and Update
Baseline
Assessment
(uMoya-NILU, 2015)

Global
Emissions
Inventory
(Crippa, et al.
2018 re-gridded
by Naidoo et al.
2019)

eThekwini
Regional
Emissions
Inventory
(Naidoo et al.
2019)

CO

14 720

147 327

7 959

91 530

NOx

21 043

68 292

6 496

24 574

PM2.5

719

-

211

682

PM10

1 016

2 439

211

684

NMVOC

2 668

-

676

23 374

VOC

2 926

24 642

-

-

CO2

7 727 003

-

-

-

N2O

137

-

-

-

CH4

267

-

-

-

SO2

1 442

1 585

157

1 563

5. Spatial representation
5.1 Methodology
The process followed to spatially represent the
emissions calculated in this emissions inventory is
shown in Figure 6. A Road Infrastructure Strategic
Framework for South Africa (RISFSA) shapefile with
the road networks in the eThekwini Municipality was
used as input. The road network map was
intersected with a grid cell map with a spatial
resolution of 1 km × 1 km. According to Parra et al.
(2006) this resolution is high enough to spatially find
air pollution hotspots and can be used for highresolution regional air quality modelling (Ossés de
Eicker et al. 2008; González et al. 2018). Using road
traffic counts provided by the EMM, the total
emissions calculated in the inventory were allocated
to the corresponding grid cells using the DROVE
(Disaggregation of on-road vehicle emissions)
algorithm (González et al. 2020).

Figure 6. Process flow to spatially represent
emissions inventory results using DROVE.

5.2 Emissions inventory results map
A linear colour scale was used to depict the
relative level of pollutant emitted by vehicles in each
grid block. An example of the maps produced is
presented in Figure 7. It should be noted that
although the two highest emission levels have been
called ‘hotspots’, this only indicates that they are
areas where the calculated pollutant emissions are
at the highest levels in the EMM. There are no known
standards according to which the health impacts or
other impacts of these levels of emissions can be
evaluated.
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sometimes the model of the vehicle clearly
indicated one type of fuel whilst the data
captured indicated a different fuel type.
•

The absence of activity data with regard to the
annual mileage over the life of the vehicles
resulted in assumptions being made in this key
input into COPERT.
o Odometer reading is currently an optional
input on annual licensing forms. Ideally, this
should be changed to a required information
field for annual licensing purposes. (An
additional motivation for making this
obligatory is that the annual capturing of this
data will help to prevent odometer rollback
fraud).
o The age of vehicles and their cumulative
mileage is used by COPERT to calculate fuel
consumption and age-related evaporative
losses. The odometer readings alone, will
not provide sufficient information to show
changes in emissions of a vehicle parc over
time. For this purpose, either a start-of-year
and end-of-year odometer reading is needed
to calculate the specific year’s mileage, or
the year’s total mileage should be given as
an additional obligatory input field.
o Furthermore, it is essential that the annual
database should be saved (the RTMC was
only able to provide the database for one
year – 2021). If it is not within the scope of
the RTMC to archive the historical data, the
data should be obtained from the RTMC
annually by the municipality and stored, in
order to be able to update the vehicle
emissions inventory periodically.

•

Other key parameters are travelling speed,
average trip duration and distance. In effect, this
information should be available from vehicle
insurance companies or vehicle tracking
companies that have trackers installed,
however, privacy issues prevent access to the
data.
Statistics of quarterly fuel sales are usually
available on the Department of Mineral
Resources and Energy website. However, data
were only available up to the first quarter of 2021
even though the website was accessed in the
first quarter of 2022. This time-lag in the
availability of data limits the usefulness of the
data and should be addressed.
The sulphur content of fuels sold in the
municipality was not available for this project. In
order to facilitate more accurate estimation of
SO2 emissions, statistics on the sulphur content
of fuels sold should be recorded and made
available.
Both temperature ranges and relative humidity
have an impact on calculations of air conditioner

Figure 7. Spatial representation of CO emissions
in the EMM obtained with DROVE. Hotspots A to
F are identified.

6. Gap analysis
The data input required for COPERT inherently
provides more accurate emissions estimates
compared to typical top-down studies that are based
on fuel usage only. Quality assurance on COPERT
has been conducted in different countries, with
observed data, that shows a good correlation
between observed and calculated emissions. The
only limitation is the availability and quality of local
data (Cifuentes, et al. 2021; EMEP/EEA, Update
2021).
The following were key data issues in this study:
•

•

The emissions of vehicles have decreased over
time, mainly due to regulatory requirements. Tier
3 emission factors in COPERT are functions of
the vehicle type – fuel, capacity/weight, and
technology used to comply with emission
standards at the time of manufacture. The
RTMC dataset was the most comprehensive
dataset available and included the year of first
registration, the model and fuel type of the
vehicles. Assumptions regarding technology
type were made based on the age of the
vehicles.
Some of the data in the RTMC dataset were
clearly incomplete/incorrect. For example, fuel
type was often not captured at all, and

•

•

•
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•

•

•

usage as well as evaporative emissions in
COPERT.
o Key meteorological data required are
minimum and maximum temperatures, not
just daily average temperatures. This data
should be readily available. However, in
some cases only averages were made
available. Furthermore, it was found that
there were many gaps in the available data.
o Relative humidity data capture is also very
sparse. Data capture for New Germany
between 2014 and 2021 was 18.6%. For
Amanzimtoti, data capture between 2014
and 2018 was 65.8%.
The eNaTIS data had a category for minibuses
which was separated from motor cars and
station wagons while the RTMC and NaTIS data
only had one category for all light passenger
vehicles with a carrying capacity of less than 12
persons. Because of the high mileage travelled
by minibus taxis in South Africa, care should be
taken by the licensing authorities to identify
these vehicles in the databases so that they can
be treated as a separate category.
Data on the EMM’s fleet was requested in order
to evaluate the contribution of municipal vehicles
to the emissions inventory. This information,
however, was not provided by the municipality.
The following data would be required to provide
a fair approximation of dust emissions from
unpaved roads: traffic volumes, average vehicle
speed, mean vehicle weight, road surface silt
content, and road surface moisture.

7. Conclusions
Air pollution from vehicles has accentuated
negative health impacts due to its emission at
ground level where people can be directly exposed.
Much can and should be done to improve the
availability of data to accurately estimate and
spatially represent this pollution. Nevertheless, while
taking cognisance of the assumptions made in the
preparation of this emissions inventory and its
spatial representation, the results will enable the
EMM to undertake dispersion modelling. This should
facilitate the targeting of mitigation measures and
strategies to deal with vehicle-related air pollution in
the most affected areas.
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Aircraft soot emissions contribute significantly towards the state of local air quality.
Therefore, the study of the chemical composition of aircraft soot is important in
understanding the environmental interactions and human health impacts thereof. In this
study, the elemental composition of AVGAS 100LL, Jet A-1 and soot samples collected
from various aircraft engine exhausts were investigated using Atomic Absorption
Spectroscopy (AAS) and Inductively Coupled Plasma – Mass Spectroscopy (ICP-MS).
The target metals for elemental analysis on both the soot and fuel samples were iron
(Fe), copper (Cu), chromium (Cr), lead (Pb), nickel (Ni), and zinc (Zn). These are metals
that are normally present in the materials used for constructing aircraft engine parts, in
the aircraft fuel and in the engine lubricants. In general, there is a clear difference
between the elemental composition of piston engines soot and that of the other engine
types investigated in this study. Most noticeable in this study is that the metal
concentrations, except for Zn, were at least an order of a magnitude higher in samples
collected from the Continental-RH LT-STO-360-E, Lycoming O-320 and Lycoming O235 piston engines than the soot collected from the other engines (Rolls Royce SPEY
511-8 turbofan engine, PT6A-42 turboprop engine, and the Rolls Royce Allison 250C20B
turboshaft engine). Significantly high levels of Pb were measured in soot samples
collected from piston engines, with the highest concentration of 6161.11 mg/L measured
in the Lycoming O-320 soot sample. The high levels of Pb observed are not unexpected
because piston engines are powered by AVGAS 100LL which contains a lead additive.
Elemental analysis conducted on the fuel samples yielded metal concentrations that
were below the limit of quantification (LOQ) on both fuel samples, except for Pb which
yielded a result of 196.9 mg/L in AVGAS 100LL. It is evident from the soot analysis
results that a significant concentration of metals is released during landing and take-off
(LTO) activities, and that the concentration is highly dependent on the type of the engine
and fuel.
Keywords: Aircraft soot, Aircraft Engine, Aviation fuel, AVGAS 100LL, Jet-A1, Elemental
analysis, LTO

1. Introduction
Air transportation plays an important role in
international mobility. This industry is estimated to
have a fast annual growth of approximately 5%, with
the developing countries being in the forefront
(Masiol & Harrison, 2014). The current and projected
growth in the use of air transportation dictates the
increase in aviation related air pollution (Masiol &
Harrison, 2014; Psanis et al., 2017). Due to this
increase, aviation air pollution has gained particular
attention in recent years, triggering the need for
more stringent industry-wide emission controls to be
instituted (Simonetti et al., 2015; Yu et al., 2017).
The efforts to lower impacts of aviation emissions
have triggered the venture into synthetic aviation fuel

in recent years. Synthetic aviation fuel is required to
comply with ASTM D1655 - “Standard Specification
for Aviation Turbine Fuels” and ASTM D7566-19 –
“Standard Specification for Aviation Turbine Fuel
Containing Synthesized Hydrocarbons” (ICAO,
2017).
Aircraft soot emissions contain metals, which
could potentially be toxic to humans (Kinsey et al.,
2011). The source of metals in aircraft engine soot is
from fuel additives and impurities, wear and tear of
engine components, lubricants, and rust.
Emissions from aircraft engines can be classified
through the study of the combustion of the fuel used
in the engine (Jasiński, 2019; Vennam et al., 2017).
The process of separating and apportioning the local
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emissions to aviation is difficult due to several
factors. Ambient emissions resulting from other
activities such as motor vehicle traffic within and
around the airport contribute to some degree
towards the state of air quality (Arunachalam et al.,
2011; Vennam et al., 2017). Chemistry-transport
models have been used in certain studies in the
quest to understand “the physics of the
aerodynamics of aircraft plumes” (Arunachalam et
al., 2011; Cameron et al., 2017; Jasiński, 2019;
Vennam et al., 2017). There are limited studies
conducted at cruise altitudes due to the complexities
of the measurements causes by the nature of the
source, the moving aircraft, limiting the data to a few
commercial sampling campaigns (Vander Wal et al.,
2016).
Landing and Take-Off (LTO) cycle refers to the
activities that takes place within the airport, up to the
altitude of 915 meters (3000 ft) above ground level
(Balli, 2022). LTO operations are the biggest
contributor to air pollution at airports and the
surrounding areas (Levy et al., 2012). According to
Zhu et al. (2011), soot emissions are highest during
the LTO cycle, and the concentrations are likely to
increase at busy airports or during peak-time
(Cameron et al., 2017; Phoenix et al., 2019; Vennam
et al., 2017). The high concentrations of soot could
have an impact on the air quality in the airport
surroundings, which in turn could impact on the wellbeing of ground personnel and the surrounding
communities (Yim et al., 2015).
Some metals are necessary for physiological and
biochemical functions in the human body. Cr, Cu, Fe,
Ni and Zn form part of the metals needed for the
normal functioning of the human body at lower
concentrations (Briffa et al., 2020). Metals are not
biodegradable and cannot be broken down.
Consequently, their intake through ingestion or
inhalation may result in bioaccumulation, which can
have detrimental effects on human health (Briffa et
al., 2020).
Zn is involved in wound repair, blood pressure
regulation, the normal functioning of the immune
system and the synthesis of insulin (Freire et al.,
2019; Lin et al., 2017). However, elevated levels of
Zn could result in cardiovascular diseases and even
cancer (Eide, 2011; Lehvy et al., 2019). Cu, Fe, Cr
and Ni can produce reactive radicals which can
damage the DNA (Briffa et al., 2020; Islam et al.,
2021). Therefore, the monitoring of soot is essential
in preventing their negative impacts on the health of
airport staff and the surrounding communities.
According to Hudda et al. (2014) the impact of
emissions from aircraft exhaust can be distributed
over a horizontal range of greater than 16 kilometres,
thereby impacting on humans and the environment
well beyond the perimeter of the airport. Pb in the air
surrounding the airport is likely to be inhaled by

airport staff and people living within a 1 km radius of
the airport or ingested once it settles into the soils
resulting in lead poisoning.
This
study
investigates
the
elemental
composition of aviation fuel and soot samples
collected from various aircraft exhaust engines.
AVGAS 100LL and Jet-A1 are the only types of fuel
used at Lanseria International Airport, hence their
use in this investigation. The soot samples
investigated in this study are regarded as composite
samples, therefore the results are applicable on
ground level, LTO and at cruise altitudes.

2. Methods
A quantitative approach was employed for the
purposes of achieving the aims of this study.

2.1 Soot samples
The soot samples were collected from the
following aircraft engines; Continental-RH-LT-STO360-E piston engine, Lycoming O-320 piston engine,
Lycoming O-235 piston engine, Rolls Royce SPEY
511-8 turbofan engine, PT6A-42 turboprop engine,
and the Rolls Royce Allison 250C20B turboshaft
engine. The choice of the aircraft engines sampled
ensured that there is representation for the two types
of the fuel (AVGAS 100LL and Jet A-1) investigated
in this study. All the piston engines where samples
were collected are powered by AVGAS 100LL
whereas the turbofan, turboshaft and turboprop
engines are powered by Jet-A1. A single sample per
engine was collected into petri dishes using clean
nylon brushes. The samples were labelled on site
and transported to the University of the
Witwatersrand for analysis.
The soot samples were prepared by accurately
weighing each soot sample on a ST-1508 - Preciso
HC5003X Precision Balance. Each weighed sample
was digested for 4 hours in a hot water bath at 90oC
using a mixture of high purity water (H2O), 40%
hydrofluoric acid (HF), 32% hydrochloric acid (HCl)
and 55% nitric acid (HNO3), prepared according to
the following ratio: 10:5:1:1 (H2O:HNO3:HCl:HF).
The samples were then filtered into Teflon tubes
through a whatman filter to remove any solid residue.
Aliquots of 20 mL were drawn from each prepared
sample using a pipette and transferred into 100 mL
volumetric flasks. These were made up to the mark
using deionised water.
Calibration standards were prepared by drawing
aliquots of the National Institute of Standards and
Technology (NIST) traceable stock solution into
volumetric flasks. The concentration of the
standards used for Fe, Ni, Pb, Cu and Cr were 0
mg/L (blank), 10 mg/L, 50 mg/L and 100 mg/L
respectively. The concentrations of the standards
used for Zn were 0 mg/L (blank), 0.1 mg/L, 0.5 mg/L
and 1 mg/L. Analysis was conducted using the
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Agilent 240 FS Atomic Absorption Spectrometer
(AAS). The temperature of the laboratory was
maintained at 25oC throughout the analysis period.

2.2 Fuel Samples
AVGAS 100LL and Jet A-1 samples (1 litre of
each) were also collected in clean glass bottles and
taken the University of Johannesburg for analysis.
Analysis was conducted using the PerkinElmer
NexION 300X ICP-MS. Due to the high volatility of
the AVGAS 100LL and Jet-A1 samples, the mass of
the samples were used to minimise the
measurement error.
Representative aliquots of AVGAS 100LL and
Jet-A1 samples of approximately 0.1 g each were
drawn and transferred into 10 mL Teflon vials using
micropipettes. The vials were closed and accurately
weighed. Due to the hydrophobic nature of AVGAS
100LL and Jet-A1, 2-Propanol was added to make
the samples more hydrophilic (Trick et al., 2014).
This was followed by dilution to volume using
MERCK suprapure 2% HNO3. The PerkinElmer
NexION 300X ICP-MS was put on Kinetic energy
discrimination (KED) mode during analysis. The
KED mode reduces the polyatomic interferences
derived from plasma or vacuum interface in the
instrument (Yamada, 2015). The instrument was
calibrated using NIST traceable calibration stock
solutions. The concentrations utilised for Fe, Ni, Cu,
Cr, Zn and Pb were 0 µg/L (blank), 0.1 µg/L, 1 µg/L
and 10 µg/L.

3. Results and Discussion
All the results in this study are reported at 95%
confidence level. The limit of quantification (LOQ) for
each metal was determined on the PerkinElmer
NexION 300X ICP-MS and the Agilent 240 FS
Atomic Absorption Spectrometer. The LOQ values
are shown in Table 1.
Table 1: LOQ values for the PerkinElmer NexION
300X ICP-MS & Agilent 240 FS Atomic Absorption
Spectrometer
Metal
AAS (mg/L)
ICP-MS (µg/L)
Fe

0.42

0.01

Cr

4.94

0.00

Ni

0.92

0.01

Pb

10.36

0.01

Cu

1.30

0.01

Zn

4.39

0.21

3.1 AVGAS 100LL and Jet-A1 elemental
analysis
The regression coefficients of the calibration
curves were above 99%, which shows excellent
correlation. The relative accuracy and bias of the
PerkinElmer NexION 300X ICP-MS was determined
by analysing the NIST Standard reference material
(SRM) 1640a. The results are presented in Table 2.
Table 2: Relative accuracy and bias for
PerkinElmer NexION 300X ICP-MS
Measured
Value

Certified
Value

%
Accuracy

%
Bias

Fe

42.13

36.80 ± 1.80

114.5

+14.5

Cr

42.10

40.54 ± 0.30

103.8

+3.8

Ni

26.89

25.32 ± 0.14

106.2

+6.2

Pb

12.79

12.10 ± 0.05

104.8

+4.8

Cu

90.69

85.75 ± 0.51

105.8

+5.8

Zn

56.55

55.64 ± 0.35

101.6

+1.6

The bias on the SRM measurement results for all
the metals are below 15%, which is the acceptable
accuracy of the measurements.
None of the target metals were detected in the
Jet-A1 sample, confirming that Jet-A1 as a cleaner
fuel compared to the AVGS 100LL (Engen, 2011). A
similar trend was observed on the elemental
analysis results of the AVGAS 100LL fuel for all the
other target metals except for Pb, which measured
196.9 mg/L (0.20 g/L). The concentration of Pb
measured in the AVGAS 100LL sample is within the
0.56 g/L lead content specified in ASTM D 910.

3.2 Soot samples elemental analysis
A standard reference material was unavailable
during the analysis of the soot samples. Therefore,
the relative accuracy and bias tests for the Agilent
240 FS Atomic Absorption Spectrometer could not
be conducted. However, the regression coefficients
for the calibration curves on all the elements were
above 99%, indicating a good correlation of the
absorbance and concentration of metals. The results
obtained from the analysis of soot samples yielded
results that are consistent with the elemental
composition of the fuel used by each engine. These
results also provide some information on the metal
composition of the materials used in constructing
aircraft engine components. Figure 1 to Figure 6
show the elemental analysis results of soot samples.
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Figure 6: Metal Concentrations, Rolls Royce
Allison 250C20B Turboshaft Engine

In general, there is a clear difference between the
elemental composition of soot collected from piston
engines (Continental-RH-LT-STO-360-E, Lycoming
O-320 and Lycoming O-235) and that of the other
engine types (Rolls Royce SPEY 511-8 turbofan
engine, PT6A-42 turboprop engine, and the Rolls
Royce Allison 250C20B turboshaft engine). Fe, Cr,
Ni, Pb, Cu and Zn were detected in all the soot
samples except for Cr in the Rolls Royce Allison
250C20B, and Pb in the Rolls Royce SPEY 511-8
engines which were below the LOQ. The range of
metals detected in soot samples is consistent with
the results obtained by Turgut et al. (2019). Other
studies where a similar composition of elements was
measured in aircraft soot include Mazaheri et al.
(2013), Abegglen et al. (2015), Van der Wal et al.
(2016) and Kinsey & Hays (2011).
Most noticeable in this study is that the metal
concentrations, except for Zn, were at least an order
of a magnitude higher in samples collected from the
Continental-RH, LT-STO-360-E, Lycoming O-320
and Lycoming O-235 piston engines than the other
soot samples. The soot collected from the Lycoming
O-320 piston engine indicated very high
concentrations of potentially toxic compounds, as
well as elements prone to cause oxidative stress
upon inhalation (Bendtsen et al., 2021). Considering
the concentrations of metals measured from the soot
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Ni is added during the alloy manufacturing
process to improve the strength and to increase the
oxidation resistance (Esleben et al., 2019; Klein et
al., 2013). The highest concentration of Ni was
measured in the samples collected from the
Lycoming O-320 and Continental-RH LT-STO-360E engines, measuring at 406.19 mg/L and 205.56
mg/L respectively. The high levels of Ni may be an
indication of the age of the engine components, and
wear and tear resulting from the multiple moving
parts in the piston engines. It is important to indicate
that a build-up of rust was observed in the
Continental-RH LT-STO-360-E and Lycoming O-320
exhaust systems. These two engines have the
highest concentrations of metals measured in their
soot samples.
Pb concentrations measured in soot samples
provide an indication of the fuel used in each of the
engines. Figure 7 shows Pb concentrations
measured from the various engine soot samples.
7000
6000

Concentration (mg/L)

samples, it is evident that there will be a potential
human health risk upon inhalation and that this risk
is dependent on the engine type.
Mechanical fatigue, wear and tear are specific
areas of attention in the manufacture of alloys used
in aviation (Bernasconi et al., 2020; Maniam & Paul,
2020). This is due the consequences related to
structural failure, which may result in multiple
fatalities. Addition of 1% Fe or less to alloys used in
engine components construction helps in
suppressing die soldering and improves high
temperature strength of the alloy (Yamasaki et al.,
2019). This is seen through the high concentration of
Fe in some of the soot samples. The highest
concentrations of Fe were measured in samples
collected from the Lycoming O-320 and ContinentalRH LT-STO-360-E piston engines, measuring
2704.91 mg/L and 1200.15 mg/L respectively. The
lower concentrations of Fe measured in the soot
collected from the PTA-42 and Rolls Royce Allison
250C20B engines is confirmation of the
observations made during sample collection, that the
turboprop and turboshaft engines were in a much
better condition than the other engines.
Alloys are susceptible to intergranular and pitting
corrosion (Hughes et al., 2011; Singh et al., 2016),
which exposes the inner layers of the alloy. The
reaction of Fe, water and air results in corrosion,
which can be carried out through the engine exhaust
together with soot emissions (Yamasaki et al.,
2019). Cr is added to the alloy to limit intermetallic
coarsening by lowering the rate of precipitation in the
area where two metals are joined together, which
strengthens the grain boundaries (Ribeiro et al.,
2020).
To improve the corrosion resistance of an alloy in
extreme environments such as aircraft engines,
significant efforts have been made to improve the
anti-corrosive properties. Cr coating is also applied
on the alloy surface to improve corrosion resistance
(Boyer et al., 2015). The soot samples collected from
the Lycoming O-320 and Continental-RH LT-STO360-E engines recorded the highest concentrations
of Cr, 641.17 mg/L and 457.94 mg/L respectively,
while the other engines recorded very low
concentrations. The application of Zn alloy coatings
such as Zn-Ni, Zn-Cu and Zn-Fe is another way of
improving corrosion resistance. These alloy coatings
have better corrosion resistance compared to pure
Zn coating (Anwar et al., 2018). Cu-Zn coatings are
also often used to increase metallic lustre, structure,
and surface roughness. Low concentrations of Zn
and Cu were measured across the soot samples
collected from the different aircraft engines, except
for the soot sample collected from the Lycoming O320 engine, which measured 92.67 mg/L. This could
be because of wear tear on the engine components.
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Figure 7: Lead (Pb) Concentrations for the various
aircraft engines

The concentrations of Pb measured from the
Rolls Royce SPEY 511-8 turbofan, PTA-42
Turboprop and Rolls Royce Allison 250C20B
Turboshaft engines soot samples were <10.36 mg/L,
40.13 mg/L and 30.00 mg/L respectively. These
concentrations are significantly lower than those
measured in soot samples collected from piston
engines. The samples that yielded lower Pb
concentrations were collected from the engines that
are fueled by Jet-A1, whereas the higher
concentrations of Pb were measured in samples
collected from piston engines, which are fueled by
lead containing AVGAS 100LL.
Pb is an ingredient in the alloys used in the
construction of aircraft engine components.
Therefore, the presence of Pb in the soot samples
could be due to wear and tear from the moving
engine parts. The high concentration of Pb detected
in the soot samples collected from piston engines is
consistent with the results obtained in the analysis of
the fuel samples. These Pb results are also
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consistent with the findings of Miranda et al. (2011)
on lead contamination in the area surrounding the
airport in Turkey, which recorded the highest
concentrations closer to the highways. Miranda et al.
(2011) also measured higher Pb concentrations
downwind of the airport than upwind, suggesting a
possible influence of prevailing meteorological
condition on the dispersion of pollutants.
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Our Vision
To improve the world’s air quality
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GAS ANALYSIS
The National Metrology Institute of South Africa is mandated by the Measurement
Units and Measurement Standards Act, 2006 (Act No. 18 of 2006) to provide accurate
and internationally recognised national measurement results. The NMISA Gas analysis
laboratory enables compliance to legislation and reliable reporting of emission
measurements through the provision of traceable and reliable primary reference gas
mixtures. The laboratory is responsible for the dissemination of primary reference gas
mixtures, provision of reference measurements and calibration services, including
training, proficiency testing schemes, assessments and consultation.
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Primary reference gas mixtures
○ Criteria air pollutants
○ Greenhouse gases
○ Reactive gases
○ Volatile organic compounds
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○ Energy gases
○ Stack emission gases
○ Automotive exhaust gases
Purity Analysis for high purity gases
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gas manufacturers (Secondary
reference materials)
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Calibration of ozone instruments
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Please contact us at gas@nmisa.org
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Research Projects
Environmental and ambient air gases
Development of the following reference gas mixtures:
•
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Greenhouse gases
○ Carbon dioxide, methane, Sulphur hexafluoride,
nitrous oxide
Low amount fraction reactive gases
○ Nitrogen monoxide, nitrogen dioxide, hydrogen
sulphide
○ Preparation of calibration gas mixtures using
dynamic volumetric methods
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○ Non-methane hydrocarbons (NMHCs), Hazardous
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○ Sulphur dioxide, Ethyl mercaptans, Dimethyl
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developing countries in the world).
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