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The Vaal Triangle Airshed and the Highveld are two of South Africa’s national air 
pollution priority areas. There are ~ 7.5 million people exposed to high air pollution 
levels in these regions, with potential impacts on human health and economic growth. 
The environmental Benefits Mapping and Analysis Program (BenMAP) model was run 
using local data on population, mortality rates, and concentrations of fine particulate 
matter (PM2.5), as well as mortality risk coefficients from the epidemiological literature. 
BenMAP calculates the number of premature mortalities that would likely be avoided if 
air quality levels within the air pollution priority areas met the existing National Ambient 
Air Quality Standard (NAAQS) of 20 μg m-3, and the more stringent World Health 
Organization (WHO) guideline for annual average PM2.5 of 10 μg m-3. There are six air 
quality monitoring stations within the Vaal Triangle Airshed Priority Area (VTAPA) and 
five in the Highveld Priority Area (HPA). None of the monitoring stations meet the WHO 
guideline during the analysis time period of 2008-2016, and only a few stations meet 
the annual average PM2.5 NAAQS in more recent years. Avoided premature mortalities 
are significantly higher in the VTAPA than the HPA as a result of higher annual 
average PM2.5 and a larger population. In both priority areas, potentially avoided 
premature mortalities increase from 2008 to 2011, and then decrease to a minimum in 
2013 with a more modest increase from 2013 to 2016.   
  

Keywords: priority areas, PM2.5, health impacts, BenMAP. 

 
1. Introduction 

High concentrations of ambient particulate matter 
(PM) are associated with increased mortality risks, 
and there exists a wide range of evidence 
documenting the large health costs associated with 
high concentrations of air pollution (Zhao et al. 
2016, Pervin et al. 2008). The Global Burden of 
Disease (GBD) reported in 2012 that three million 
people die prematurely each year around the globe 
due to ambient air pollution (Brauer et al. 2012), 
with low- and middle-income countries suffering the 
worst effects. Developing countries with a heavy 
reliance on fossil fuels, such as South Africa and 
China, face the bulk of the large health and 
productivity losses and mortality associated with 
high concentrations of air pollution. 

The burden of disease studies that use one 
national-level calculation and inputs from global 
models or satellites are useful for a rough estimate 
of South Africa’s pollution-related mortality burden. 
However, they tend to significantly under-estimate 

the total health burden of air pollution exposure and 
are incapable of capturing regional heterogeneity. 
As a result, these international studies are not 
helpful in motivating for or designing policies for 
reducing air pollution. Air quality management in 
South Africa is conducted across and between the 
three autonomous spheres of government, i.e., the 
national, provincial, and local levels. As such, 
information on local air pollution, and the mortality 
and monetary benefits of reducing air pollutants is 
required at the city, municipal, provincial, and 
national levels. In addition, analyses focused on the 
cross-boundary Air Pollution Priority Areas are 
necessary for evaluating policies specific to these 
regions. 

2. Methods 
The Environmental Benefits Mapping and 

Analysis Program (BenMAP) uses a damage-
function approach to estimate the health benefits 
associated with a change in air quality (Davidson et 
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al. 2007). BenMAP is a software package designed 
by the United States Environmental Protection 
Agency that systematizes the health impact and 
valuation calculation process. BenMAP relies on 
ambient concentration data of the pollutant of 
interest, user-specified population data, baseline 
incidence rates for the health endpoints of interest, 
epidemiological studies that provide concentration-
response (C-R) functions, and valuation functions. 
Here, we estimate benefits from improvements in 
human health through reductions in relative 
mortality risk. The standard error of the mean in the 
epidemiological studies is perpetuated through the 
calculations using a Monte Carlo approach, which 
results in 95% confidence intervals around each 
mean health impact estimate. The model does not 
quantify benefits related to improved visibility or 
ecosystem effects. 

The methodological approach here is essentially 
identical to that of Altieri and Keen (2019). Briefly, 
the most recent official South African census data 
from 2011 were used to generate municipality-level 
population distribution grids in BenMAP (Statistics 
South Africa 2015). South African mortality 
statistics (Statistics South Africa 2014) were used 
with the census data to calculate the baseline 
incidence rate for all-cause mortality in each district 
municipality, which is the second level of 
administrative division in South Africa, above local 
municipalities. The mortality statistics are collated 
from civil registrations on mortality and causes of 
death from the South African Department of Home 
Affairs for 2012. Causes of death statistics are in 
accordance with the WHO regulations and use the 
International Classification of Diseases (ICD-10) 
(WHO 2009). 

The health impact function is determined by the 
chosen epidemiological study. For PM2.5 we rely on 
studies conducted in the USA and utilized by the 
WHO for the GBD (Krewski et al. 2009, Woodruff et 
al. 2006, Lepeule et al. 2012), as well as a recent 
meta-analysis that includes European and 
American studies (Janssen et al. 2011), and the 
more recent Global Exposure Mortality Model 
(Burnett et al. 2018). To account for the 
heterogeneity in the individual risk estimates, we 
use the BenMAP random effects pooling to 
combine the distributions of each study and to 
generate a single mean relative risk estimate 
derived from the four chosen epidemiological 
studies. The pooling of health impact functions 
(HIFs) is feasible in this case as all the studies have 
the same health endpoint, however, it is important 
to note that the studies use slightly different ages 
for the lower end of the population range (i.e., 25-
30 years old). BenMAP assigned relative 
weightings to each of the four studies based on the 
spread of each individual study and how it differed 
from the others pooled. 

Annual average PM2.5 concentrations for each air 
pollution priority area monitoring station were taken 
from the Annual State of the Air Reports 
(http://saaqis.environment.gov.za/).  

3. Results and Discussion 

3.1 Highveld Air Pollution Priority Area 
In 2007, the Highveld Priority Area (HPA) was 

declared the second national air pollution priority 
area in South Africa (Department of Environmental 
Affairs 2006). The Highveld has a population of 3.4 
million people and is a large industrial and 
agricultural area with mining, metallurgical, and 
petrochemical activities, coal-fired power stations, 
coal dumps, and urban areas with domestic fuel 
burning and biomass burning (Lourens et al. 2011). 

Annual average PM2.5 concentrations vary 
across the HPA monitoring stations (Figure 1). In 
general, concentrations have decreased over time, 
however, as of 2016 some stations still do not meet 
the NAAQS of 20 μg/m3 for annual average PM2.5. 
None of the HPA stations met the WHO guideline of 
10 μg/m3 over the time period assessed (2008-
2016). 

 
Figure 1. Annual average PM2.5 concentration from 2008 
to 2016 for the HPA monitoring stations. The NAAQS 
annual standard (dashed) and WHO guideline (dotted) 

are included as reference lines. 
 
The avoided premature mortalities associated 

with meeting the NAAQS everywhere within the 
HPA, according to BenMAP model outputs, 
increase from 2 000 to 3 400 from 2008 to 2011, 
and then decline to a value of ~1000 per year until 
2016 (Figure 2). This analysis holds population and 
mortality incidence constant over time, therefore the 
change is solely attributed to the change in annual 
average PM2.5 concentrations. The avoided 
premature mortalities associated with meeting the 
WHO guideline within the HPA results in the same 
pattern over time, but higher avoided premature 
mortalities (Figure 2).  
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Figure 2. Potentially avoided PM-related premature 
mortality estimated for 2008-2016 if annual NAAQS 

(circles) and WHO guidelines (triangles) had been met in 
the VTAPA (filled symbols) and HPA (open symbols). 

3.2 Vaal Triangle Air Pollution Priority Area 
(VTAPA) 

The Vaal Triangle Airshed was declared the first 
national air pollution priority area in South Africa in 
2006 (Department of Environmental Affairs 2006). It 
is a region with 3.95 million people and intense 
urbanisation and industrial activity including mining, 
coal-fired power generation, a coal-to-liquids plant, 
iron and steel processing, and domestic fuel 
burning. 

Annual average PM2.5 concentrations at the 
VTAPA monitoring stations are typically higher than 
at the HPA monitoring stations (Figure 3). None of 
the VTAPA stations meet the NAAQS or WHO 
guidelines over the time period assessed (2008-
2016). 

Figure 3. Annual average PM2.5 concentration from 
2008 to 2016 for the VTAPA monitoring stations. 
The annual NAAQS standard (dashed) and WHO 
guideline (dotted) are included as reference lines. 

The BenMAP-modelled avoided premature 
mortalities associated with meeting the NAAQS 

everywhere are significantly higher than that in the 
HPA. Avoided premature mortalities within the 
VTAPA increase from 8 000 to 13 000 from 2008 to 
2011, and then decline to a value of ~2400 in 2013 
and increase again to 4 000 in 2016 (Figure 2). The 
concentration of PM2.5 is much higher in the VTAPA 
prior to 2012, and as a result the decline in 
premature mortalities avoided is much steeper than 
in the HPA. This analysis holds population and 
mortality incidence constant over time, therefore the 
change is solely attributed to the change in annual 
average PM2.5 concentrations. The avoided 
premature mortalities associated with meeting the 
WHO guideline within the VTAPA results in the 
same pattern over time, but higher avoided 
premature mortalities (Figure 2). The mortalities 
avoided are artificially high for the VTAPA in this 
analysis as the entire City of Johannesburg 
municipality is included in the calculations, which 
results in a larger population than technically 
resides in the VTAPA area. 

4. Conclusions 
This study applied the same methodology as 

used in a recent national scale analysis of South 
Africa (Altieri and Keen, 2019), but with a focus on 
two Air Pollution Priority Areas. Over time, there 
have been decreases in annual average PM2.5 
concentrations in both priority areas, which has led 
to declines in the potentially avoided PM-related 
premature mortalities. Potentially avoided 
mortalities are higher in the VTAPA than the HPA 
due to the higher concentrations of PM2.5 and the 
larger population affected. The NAAQS are the 
current legal air quality limits in South Africa, 
however, some regions remain out of compliance 
with these standards. This study quantifies the 
premature mortalities that could potentially be 
avoided if the current NAAQS were fully met in the 
priority areas. If South Africa were to consider 
revising the current NAAQS to a lower PM2.5 annual 
average, it would require information on the 
potentially avoided premature mortalities that would 
result from meeting a more stringent standard. 
Here, we find that potentially avoided premature 
mortalities are doubled if the more stringent WHO 
guideline was met as compared to the current 
NAAQS.   
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Abstract 

For ~20 years, the literature on the health effects of air pollution was dominated by the work of 
Pope and Dockery (1999). With the publication of the Global Burden of Disease Study [Lim et al. 
Lancet, 380(9859) (2012) 2224], which placed particulate air pollution (PM) as the fourth most 
prevalent risk factor for premature death, a new reference point was established. Stimulated by 
this report, the World Health Organisation revised its guidelines for PM downwards. With the claim 
that it made the message more comprehensible to the lay public, the WHO subtly shifted the 
concept of “risk factor for premature deaths” to “caused 2.4 million deaths per year”. 
Subsequently, the WHO report has been widely quoted to justify stricter air quality standards, 
from national agencies to EIAs for small industrial or mining operations, to environmental 
advocacy groups. While such advocacy groups play an essential role in developing a public 
understanding of science and technology (PUST), there have been recent publications containing 
serious scientific errors; and single-issue advocacy in neglect of national environmental policies 
and strategies. This paper selects a recent press release issued by Greenpeace (‘New satellite 
data reveals the world’s largest air pollution hotspot is Mpumalanga – South Africa.’ 29 October 
2018) that attracted widespread attention and subjects it to critical analysis. We find the purpose 
of the title of the article is factually inaccurate and mismatched to the real purpose of the article. 
Moreover, there are logical errors that lead to scientifically invalid conclusions. The article appeals 
to the adverse health effects of air pollution in a manner that appears to raise the emotional 
temperature, rather than to enhance the public understanding of atmospheric science and 
technology. We conclude that scientists have a responsibility to speak out also in the policy arena 
to ensure that truth and perceptions coincide in PUST. 
 

Keywords: PUST, Public Understanding of Science and Technology, particulate matter, 
NOx, coal-fired power plants, Eskom, Sasol, offsets, PM2.5, public perceptions, 
Greenpeace, science communication, health impacts  

1. Introduction 

In October Greenpeace released a press 
statement “New satellite data reveals the world’s 
largest air pollution hotspot is Mpumalanga – South 
Africa”. The startling headline asserts that the 
Mpumalanga Highveld is one of the most polluted air 
pollution regions of the world. The claim of 
immediacy and novelty, emphasised by new 
instruments observing from space, had the intended 
effect of attracting attention to poor air quality over 
the Highveld region and increasing public 
awareness of the adverse health effects of air 
pollution in general. While communications that 
increase the public awareness of science and 
technology (PUST) are welcome, a detailed reading 
of the Greenpeace article reveals the main thread of 
the argument contains a fundamental scientific 
misconception that renders their central conclusion 
invalid and subsequent advocacy recommendations 
moot.  

Further deconstruction of the text shows that the 
arguments advanced by the authors are different 
and far-reaching beyond topic presented in the title. 
The (false) claim that the Mpumalanga Highveld is 

the world’s worst nitrogen dioxide pollution ‘hotspot’ 
has now become a meme, repeated without 
challenge in several mainstream broadcasts and 
print media (e.g. Maythem, 2019). 

The publication of the Greenpeace press release 
and the subsequent responses raise several issues 
concerning truth and perceptions in public under-
standing of atmospheric science and technology. 
How ought professional scientists react to serious 
scientific errors that appear in the mainstream 
media? Who has the responsibility to inform 
journalists who publish scientifically incorrect 
information? Does the right to free speech render the 
press immune from being challenged on the veracity 
of their science, either unintentionally or deliberately 
as part of some other agenda? Ought scientist 
confine themselves to challenging only the science 
and keeping the debate at a purely technical level 
(professional obligation) or should we call out and 
challenge the motives of individuals or organisations 
for persisting in publication of known false messages 
or opinions unsupported by evidence? 

In this paper, we subject the Greenpeace press 
release to critical analysis for the veracity of scientific 
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claims and the structure of the argument. We make 
a parallel textual analysis to show how the author’s 
mode of argument and vocabulary shift from a 
purported solid scientific base to opinions reflecting 
subjective attitudes of Greenpeace commentators. 
Greenpeace had commissioned a USA-based 
consultant to conduct a dispersion modelling study 
of power plant emissions over the Mpumalanga 
Highveld. We compare the conclusions of this expert 
study with the claims contained in the Greenpeace 
press release.  

Based on this analysis, we pose the question: Is 
this Greenpeace article news or propaganda? If the 
latter, we posit further whether or how the scientific 
community ought to enter the debate to correct 
misconceptions, and to use the heightened 
awareness of air quality and health to advance 
constructive public discourse in the public 
understanding of science and technology. 

We find the purpose as implied by the title is 
factually inaccurate and mismatched to the content 
and the real purpose of the article. There are logical 
errors that lead to invalid conclusions. The article 
repeatedly, and out of context, appeals to the health 
effects of NO2 air pollution, which appears to be 
designed to raise the emotional temperature, rather 
than to enhance the public understanding of 
atmospheric science and technology. 

While advocacy groups such as Greenpeace play 
a critical role in developing environmental 
awareness, this release, containing scientific flaws, 
invalid reasoning and that advocates position in 
neglect of national environmental policies and 
strategies does a disservice to the public debate. We 
reflect on the role that scientists ought to or could 
play in responding to such publications.  

2. The Greenpeace press release 

2.1 The Greenpeace argument 

The central claim is based on an analysis of three-
months of retrievals (images) from the TROPOMI 
instrument aboard the recently launched European 
Space Agency Sentinel 5P satellite. TROPOMI 
returns higher resolution images of the column depth 
of NOx, with global coverage. Greenpeace 
compared the NOx levels (actually the NO2 column 
density) over Mpumalanga Highveld to other regions 
globally and found these to be comparable or higher 
than other areas such as the eastern USA, Europe 
and eastern China. 

The argument proceeds that the pollution, 
originating from a high concentration of sources 
(Eskom and Sasol coal-fired power plants) 
sometimes blows towards Gauteng, exposing 
millions of people to dangerous levels of pollution 
(NOx). 

The authors assert that the NOx levels (ground-
level concentrations) are at dangerous levels as a 

consequence of the power plant emissions. The 
authors refer to the US EPA standards and World 
Health Organisation guideline values; while claiming 
that the South African air quality limit values and 
stack minimum emission standards (MES) are 
inadequate. They assert that the Government has no 
plans or interventions to address these issues.  

2.2 Counterargument  

In response to these positions, our headline of 
arguments is as follows. 

Yes, Eskom (together with Sasol Secunda) emit 
large tonnages of NOx (and SO2). 

Yes, because these power plants are in proximity 
to each other on the Mpumalanga coalfields, there is 
a high spatial density of coal mining, generating 
capacity and consequent emissions. 

This concentration of generating capacity in a 
limited geographic region does constitute an 
emission ‘hotspot’ (to use the colloquial expression). 
The exact radius taken for calculating this spatial 
density (25 km or some other value) is of no 
particular consequence or scientific relevance, nor 
whether the consequence of dividing total emissions 
by some arbitrary geographical area is the biggest in 
the world or some other ranking. Dividing by a 
geographical area results in a GEE WHIZ statistic to 
embellish reporting rather than adding scientific 
gravitas to the argument. 

Eskom does not in any way try to hide their 
emissions, so the claim of revealing high emission 
rates or density is tendentious. Eskom's Integrated 
Reports annually tabulate gaseous and particulate 
emissions for the entire network of power plants. 
Detailed emissions per power station per month 
have been made available to researchers on 
request. 

The observations of NO2 from space have been 
reported in the open scientific literature for over 
twenty years (Richter & Burrows, 2002). The plume 
of NO2 over the South African Highveld was 
observed from these earliest satellite reports 
(University of Breman, 2018). The only novelty in the 
Greenpeace report is that the most recent satellite 
returns these images of NO2 plumes with finer 
spatial resolution. The occurrence and size of the 
‘hotspot’ or its relative ranking have not changed 
significantly over at least the last twelve years. South 
African scientists have been involved in this satellite-
based research and have published on the Highveld 
plume since at least 2006 (Scorgie et al., 2007; 
Broccardo et al., 2017).  

Three months of data from the new satellite are 
quite adequate to illustrate the higher resolution 
obtained. We do not dispute the phenomenon or its 
magnitude. The short three-months of data is not a 
limitation or detraction of the Greenpeace article. 

Using the higher resolution data as an anchor 
point to sensationalise the observation of a long-
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known phenomenon is in our analysis, as presented 
below, shoddy journalism. The use of emotive 
language, implying that Eskom has been trying to 
hide its pollution is a false implication.  

There are two fundamental scientific errors in the 
Greenpeace article. The first is a categorical mistake 
in shifting from reporting of the total column density 
of NO2 [molecules m-2from ground level to top of 
atmosphere] to imputing that these column densities 
are equivalent to high ground-level concentrations 
(the impacts) expressed in units of mass density 
(µg m-2 or ppm). There is no scientific basis for this 
logical jump.  

Enhanced column densities of NO2 are visible 
from space, and over the Highveld, the highest 
column densities are comparable in intensity to 
plumes from highly industrialised regions of the 
northern hemisphere. However, we will show that 
the spatial extent covered by such enhanced levels 
are far lower over the Highveld than for example, the 
eastern USA and eastern China, rendering false the 
Greenpeace claim of ‘largest NO2hotspot in the 
world.’  

A secondary argument relates to the dispersion of 
the NOx plume from the Witbank source region 
towards Pretoria and Johannesburg. The discussion 
is selective in use of meteorological data and 
attempts to bolster an argument of six million 
Gauteng inhabitants regularly exposed to dangerous 
levels of NOx. The DEA has provided results of 
annual measurements of selected ground-level 
monitoring stations to show that the NOx 

concentrations on the Highveld and within Gauteng 
are within the South African air quality limits. Full 
dispersion modelling results are available from 
several studies, by CSIR, Eskom, and academic 
institutions. The Greenpeace attempt to select part 
of the wind frequency spectrum constitutes a 
selective and biased use of evidence. Results from 
a Greenpeace-commissioned dispersion modelling 
study confirm that emissions of NOx and SO2 from 
the power plants alone do not result in any 
exceedances of the South African air quality 
standards. 

2.3 Methods and Results 

We have analysed the Greenpeace article line by 
line, commenting on the scientific accuracy or 
veracity, and then made textual comments on the 
use of language and mode of argument (Table 1). 
We present an earlier (1999) image of the NO2 
column density to support a discussion of the 
novelty, the intensity and the spatial extent of the 
region of high NO2 over the Highveld (Figure 1). We 
provide a comprehensive quote from the dispersion 
modelling study commissioned by Greenpeace to 
support our contention that the ground-level NOx 
concentrations are not at dangerous levels, in 
counterpoise to the Greenpeace assertions. We 
comment on the applicability in law of standards from 
South Africa and other jurisdictions (EPA and World 
Health Organisation). 

 

Table 1. Scientific and textual analysis of the Greenpeace press release (Greenpeace, 2018). 

Greenpeace text 

Comments on scientific accuracy Comments on textual implications 

Title of the press release: “New satellite data reveals the world’s largest air pollution hotspot is Mpumalanga – 
South Africa.”  

This title makes three assertions, implied by the keywords:  
(a) Novelty “New satellite data reveals”;  
(b)  Categorical ranking as “world’s largest”; and  
(c) Classification of the phenomenon “air pollution hotspot”. 

A groundbreaking analysis of satellite data from 1 June to 31 August this year (2018) [1] 

Exposition of the claim (a) in the title: “New satellite 
data reveals”; 

The claim of ‘ground-breaking analysis’ is false. The type 
of analysis on NOx has been in use for ~20 years. It is well-
established science, not ground-breaking, as demonstrated 
in a satellite retrieval of tropospheric excess NO2 (Figure 1) 
dating from 1999. (University of Breman, 2018).  

While Greenpeace is to be congratulated on their prompt 
access and interpretation of images from the recently 
launched (2018) European Space Agency satellite, the high 
NOx column density over the Mpumalanga Highveld was 
observed and published already circa 2002 (Richter & 
Burrows, 2002). South African scientists also investigated 

 
 

The only novel aspect in the images used as 
the basis of the Greenpeace report is the higher 
spatial resolution. The satellite is new, and the 
data are new. However, there is no “revelation”, 
only confirmation of a known phenomenon. The 
implication in the title of a dramatic discovery is a 
journalistic exaggeration. The claim of ‘ground-
breaking analysis’ is a false claim that attempts 
to imply originality and immediacy, thereby 
adding scientific credibility to the content and 
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and confirmed by dispersion modelling the nature of the 
reported NOx phenomenon as being associated with power 
plant emissions (Scorgie et al., 2007).  

The images from the new European Space Agency (ESA) 
satellite do have higher spatial resolution than previously. 

justification for the issuing of a press release 
(October 2018). 

reveals the world’s largest NO2 air pollution hotspots across six continents 

Exposition of the claim (b) in the title: 
“world’s largest”; 

Scientists from the University of Bremen and 
the University of Heidelberg reported the 
existence of the high NOx column density over 
the Highveld circa 2002 (Richter & Burrows, 
2002). The Greenpeace analysis is confirmatory 
of a well-known phenomenon, shown in a 
satellite image dating to 1999 (Figure 1). 
(University of Bremen, 2018). Figure 1 shows 
areas with high NO2 column density of far 
greater geographical extent over the eastern 
USA and eastern China than over the Highveld. 
The authors do not define the term “hotspot” nor 
the criteria used to define the geographical area 
used in its calculation. They give no quantitative 
information, such as the areas in km2 with NO2 
column densities above some selected 
threshold, which would enable a valid 
comparison to be made. 

 
 
The use of the term “reveals”, implying an element of 

novelty, is a journalistic exaggeration – the phenomenon 
has been known for ~20 years. 

The claim ‘’the largest NO2 air pollution hotspots 
across six continents’’ gives emphasis. There may have 
been confusion of intensity over a small area versus the 
extent in terms of area covered. As it stands, the claim 
‘largest hotspot’ over the Highveld, in terms of area 
covered, is a gross exaggeration. 

If the adjective “largest” is intended to mean the density 
of the NOx column (severity or intensity) within the 
“hotspot”, then the claim is marginal – the maximum 
intensities in the three regions have similarly high values. 
The choice of adjective “largest’ is linguistically 
inappropriate to apply to a quantity such as pollution 
intensity. 

 

Exposition of the claim (c) in the title: “air 
pollution hotspot”; 

The satellite retrievals allow calculation of the 
column density of NOx in dimensions 
[molecules per unit area] (or equivalent areal 
densities), integrated from surface to top of 
troposphere or stratosphere. In these units, the 
Greenpeace report is scientifically correct, in 
that the intensity of the column density of NOx 
at the centre of the Mpumalanga Highveld 
encompassing the Eskom and Sasol coal-fired 
power plants may be of comparable intensity to 
the highest column densities observed 
elsewhere. 

 
 
While hotspot is colloquial term by which the lay public 

understands “high concentration within a defined or 
confined geographical area”, authors using the term ought 
to check and understand that the quantity referred to is 
appropriately defined and that the geographical area has 
some relevance. 

Confusion on the units of measurement used in the 
satellite retrievals and in ground-level concentrations 
where people breath is discussed below, and is the root 
cause of the rejection of the Greenpeace claims - elevated 
NOx column densities are not equivalent and cannot be 
equated to high ground-level concentrations of NOx 
expressed in units [µg/m3] or [ppm].  

The loose use of the term hotspot has allowed authors 
of the press release to slip from high column densities over 
the Highveld (true; whether or not highest in the world is 
not relevant) [emission rate information] to consequent 
high ground-level concentrations (false) [receptor impact 
information].  

The term 'air pollution' used in the title of the 
Greenpeace report is also so vague as to be misleading. 
NOx is one of many air pollutants, Based on ambient 
measurements NOx has not been identified as an air 
pollutant of health concern in non-urban parts of South 
Africa. The role of NOx in the formation of ozone is a topic 
of active research.  
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in the most detail to date. 

We agree that the information published by Greenpeace derives from on the most recent (2018) satellite 
retrievals (images), which are of higher spatial resolution than previous retrievals showing the same 
phenomenon. 

 

Figure 1. Tropospheric NO2 column density average for the year 1999, showing a high intensity but 

limited spatial extent of such intensity over the South African Highveld. (University of Bremen, 2018). 

Greenpeace text 

Comments on scientific accuracy Comments on textual implications 

Greenpeace analysis of the data points to coal and transport as the two principal sources of air pollution, 

Technically correct that coal combustion (from both industrial and domestic sectors) and transport 
emissions are principal sources of air pollution in South Africa, as elsewhere for example over eastern China. 

with Mpumalanga in South Africa topping the chart as the world’s largest NO2 hotspot across six continents. 

Repetition of the phrase analysed in the previous 
sentence. The claim is false. 

See comments above. Repeating the claim with 
no further evidence does not make it true. 

Nitrogen Dioxide (NO2) is a dangerous pollutant in and of itself 

At high concentrations, NO2 does have 
adverse health effects. In principle, no 
dispute with this claim. As NO2 is a trace 
component of the natural atmosphere 
(e.g. from wildfires and lightning), 
discussions of health effects need to be 
qualified in the case of anthropogenic 
emissions in terms of concentration, 
exposure duration and frequency. 

For many toxic/dangerous elements and compounds, there 
are levels (concentrations in µg/m3 or ppm) below which there 
are no observable adverse effects. Any report or debate on the 
NOx pollution needs to establish whether the concentrations 
and human exposures (modelled or measured) are within 
natural limits or the applicable national regulatory limits. The 
presence of high NOx concentrations at the top of the planetary 
boundary layer (1 000 to 2 000 m above ground level) over the 
Highveld does not constitute an exposure risk to human health. 

and also contributes to the formation of PM2.5 and ozone, 

Well known science, scientifically correct.   
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two of the most dangerous forms of air pollution. 

PM2.5 and ozone are widespread common 
air pollutants and hence were among the 
earliest atmospheric substances regulated – 
one of the US EPA so-called six criteria 
pollutants (SO2, NOx, O3, CO, PM10 and Pb). 

‘most dangerous’ is a journalistic value judgement. 
Many gaseous and airborne substances are more toxic 
per unit mass inhaled, i.e. adverse health effects manifest 
at much lower exposure doses. Dangerous needs to be 
qualified by intensity, frequency and duration of exposure, 
and toxicity. 

“It has been reported before that the Witbank area has the world’s dirtiest air, 

This assertion is a vague referential. There may have been such 
reports but It the statement is not true. In terms of PM2.5 particulate 
concentrations, Greenpeace, quoting WHO sources, referenced a 
list of World’s most polluted cities. (Greenpeace, 2019). The top 
twenty are in India, Pakistan and China. The Mpumalanga Highveld 
(HPA) and the VTAPA rank lower than 350 out of ~2 000 cities in 
the list. To our knowledge, there is no such equivalent listing or 
database for measured ground-level NOx or SO2. Ranking South 
African NOx ground level concentrations as among the worst in the 
world (confusing source emission density with ground-level 
concentrations) is thus a false and unwarranted inference. The use 
of emotive language such as ‘“We are in fact in the midst of an 
airpocalypse.’ (Steele, 2019) is alarmism demonstrating only the 
author’s lack of understanding of basic air quality science. 

Air Pollution 
Region 

Location WHO PM2.5 
Ranking 

HPA Mpumalanga 407 

HPA Secunda 536 

VTAPA Vereeniging 356 

VTAPA Zamdela 427 

Jhb_Pta Johannesburg 290 

Jhb_Pta Sebokeng 408 
 

This paragraph is a quote attributed 
to Melissa Steele, Senior Climate and 
Energy Campaign Manager for 
Greenpeace Africa. 

While it may well be true that Ms 
Steele made these claims, it is 
reported in quotes as her opinion.  

At this point, the press release 
shifts from reporting on findings from 
satellite images to opinions expressed 
by one of the organisation’s members. 
Having established a veneer of 
scientific credibility by analysing ESA 
satellite images, the article shifts to 
opinions not based on this evidence, 
but by implication also from 
authoritative scientific sources. In any 
case, the analysis presented above 
shows that the scientific claims 
implied by the title are either false or 
poorly defined.  

and now this analysis of high-tech satellite data has revealed that the Mpumalanga province is the global 
number one hotspot for NO2 emissions. 

This statement reports that the 
satellite images show a region of high 
concentration of emission sources of 
NO2. This is true, and a consequence of 
a cluster of coal-fired power plants on 
the Mpumalanga Highveld, operated by 
Eskom and Sasol. Simultaneously, this 
same area is one of the world’s densest 
regions of electrical power production. 
However, the notion of a ‘’hot spot” is 
not defined. Dividing emissions by 
some arbitrary geographical area to 
derive an emission density [tonnes NO2 

per annum per square kilometre] is not 
a useful scientific metric, nor is it used 
in any air quality management 
jurisdiction. 

Again, the claim of novelty (revealed”) as a journalistic device 
to add immediacy to the article. The high emission density of NOx 
in the Mpumalanga Highveld region was observed already in circa 
2003 onward. The reasons for these power stations having 
~270 m-high stacks was in anticipation of high SO2 and NOx 
emissions. The concentration of emissions sources was 
anticipated and dealt with by what was then accepted as best 
available technology (not entailing excessive cost (BATNEEC). 
Nevertheless, in the late 1970s, the then Chief Air Pollution 
Control Officer Nico Boegman declared a Highveld Exclusion 
Zone, which prohibited the construction of any further coal-fired 
power stations within the exclusion zone, as a precaution against 
possible exceedances of the SO2 ground-level concentrations. 
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This confirms that South Africa has the most polluting cluster of coal-fired power stations in the world 

It is known from the time of their 
planning and construction thirty years 
ago that there is a cluster of large coal-
fired generating plants and that these 
plants emit large quantities of unfiltered 
SO2 and NOx. 

‘Confirms that ..the most polluting cluster’ - Density of power 
stations per square kilometre is not a useful scientific metric. The 
implied quantitative comparison making South Africa power 
stations the most polluting in the world is a loose statistic designed 
to influence attitude without being based on sound scientific 
analysis. Greenpeace themselves have commissioned 
independent international consultants to conduct dispersion 
modelling studies of the power plant emissions, so this type of 
vague denigration of the coal-fired power stations is unjustified. 

which is both disturbing and very scary” said Melisa Steele, Senior Climate and Energy Campaign Manager for 
Greenpeace Africa. 

 The author of the comment gives her own opinion. 

Mpumalanga is home to a cluster of twelve coal-fired power plants with a total capacity of over 32 gigawatts 
owned and operated by Eskom. 

We agree about Eskom. The press release omits the detail that Sasol 
owns and operates two similar large coal-fired plants at its Secunda site. 

 

The satellite data further reveals that the cities of Johannesburg and Pretoria are also highly affected … which 
blow across from Mpumalanga and into both cities due to close proximity and regular east winds. 

This paragraph is true to the extent 
that the NOx plumes from the 
Mpumalanga Highveld do on occasion 
traverse the cities of Johannesburg and 
Pretoria. 

The prevailing winds over the region 
are from the north-west and north. 
Easterly winds blowing across the 
power plants towards Gauteng are 
infrequent.  

From the potential threat to human health, it is appropriate to 
examine the effects of the reported phenomenon on the main 
population centres. 

The ‘close proximity’ (120 to 150 km) and regular easterly 
winds can be agreed as being relevant to these cities. However, 
the term ‘highly affected’ is not defined (as in giving frequencies 
of exceedance of standards, or concentration, duration and 
frequency). This statement is an unsupported opinion at variance 
with air quality monitoring data from multiple locations, publically 
available through the South African Air Quality Information 
Service (SAAQIS - www.saaqis.org.za/).  

by extreme NO2 pollution levels 

On the Highveld in proximity to the power stations, 
measured ground-level NOx levels seldom results in 
exceedances of the South African air quality limits. 
Dispersion modelling studies likewise show that the 
power plant emissions by themselves do not result in 
exceedances of the South African air quality limits due 
to power plant emissions. This includes the report 
commissioned by Greenpeace (Gray, 2019). 

Exceedances of NOx limits in the Gauteng cities are 
influenced to a greater extent due to traffic emissions 
rather than imported NOx from the power plants. 

There are two points of dispute here. The first is 
the use of the term “extreme”, implying dangerous 
to human health or the environment, or many times 
higher than the South African air quality limit 
values. 

The use of the word “extreme” is an unqualified 
and vague assertion, for which the author does not 
provide any evidence or causal link with high 
emission rates and emission rate density (and 
consequent high column density (g/m2) observed 
by the satellite. 

Secondly, the authors have shifted the qualifier 
of NOx from emissions to levels (concentrations). 
This categorical shift in dimensions, propagated as 
the Greenpeace argument develops, is at the root 
of the fallacy on which the article fails scientifically. 
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The average wind directions over Johannesburg and Pretoria in the last 30 years on Meteoblue show that for 
about 28% of the year, the wind is blowing over Johannesburg from either ENE, E, ESE, SE, SSE, and S which are all 
directions where the winds would be blowing pollution from coal-fired power plants into the cities[2]. 

Detailed dispersion modelling studies of 
the power plant emissions carried out by 
South African and international scientists 
over the past thirty years have mapped out 
the meteorological flows and the pollution 
cloud generated by the power plants and 
other sources.  

By summing the wind directions over six sectors (135°), 
the authors arrive at a frequency of 28%, attempting to add 
gravitas to their argument.  

The appropriate metrics to report would be the 
concentrations developed by dispersion modelling (from their 
own consultant or several local studies) or from source 
apportionment studies. While attempting to convey the 
meaning in lay terms, the authors appear to strive towards 
presenting as bleak an outlook as possible. 

This means that plumes of dangerous NO2 pollution regularly cover these cities and their 8 million people. 

The pattern of dispersion of the power plant 
emissions across the central Highveld plateau 
is well established by numerous studies by 
South African academics, the industries 
themselves and international scientists, 
including the confirmatory study by Andrew 
Gray commissioned by Greenpeace (Gray, 
2019). The zones of influence of these 
dispersion clouds include the urban 
conurbations of Gauteng. 

Using the Greenpeace commissioned study 
findings to assess the influence of the power 
plant emissions, we refer to the ground level 
concentration of the various pollutants. The 
relevant paragraph from the Gray report is 
quoted in full to avoid potential suggestions of 
selective quoting.  

“According to the (Calpuff) model, emissions 
from the 14 sources alone come close to 
exceeding the one-hour SA NAAQS level for 
SO2 in the HPA region. (The modelled sources 
were responsible for 85% of the one-hour SO2 
standard level and 92% of the 24-hour SO2 
standard level in 2016.) The 14 sources 
represent the majority of the SO2 emissions in 
and around the HPA, that if combined with peak 
short-term modelled SO2 impacts from other 
(non-modeled) sources would likely lead to 
exceedances of the one-hour standard. The 
peak modelled one-hour NO2 concentration due 
to the 14 sources also nearly exceeded the 
acceptable SA NAAQS level. (The 14 sources 
alone accounted for over 80% of the acceptable 
one-hour NO2 SA NAAQS level.) The peak 
modelled one- hour SO2 and NO2 
concentrations due to the 14 sources in 2016 
far exceeded the more stringent US NAAQS 
and the World Health Organization guidelines.” 
(Gray, 2019). 

Due to the phenomenon of recirculation in 
the atmosphere, the period during which 

Repetition of the word “dangerous NO2 pollution” is 
now used as a journalistic refrain, ignoring the presence 
of pollutants in or over a region in any quantity at all, 
neglecting to qualify as to whether the ground-level 
concentrations are above the South African limit values.  

The findings of the Gray report (Greenpeace’s 
commissioned international consultant, quoted alongside 
show that the contributions of the power plants to the 
ground level concentrations did not exceed the South 
African limit values at any point within the domain. To 
characterise the dispersed cloud of NOx pollution as 
“dangerous” is thus disingenuous. This journalistic 
exaggeration lies at the heart of the scientific deception 
propagated in this Greenpeace article. High column 
densities of NOx stretching from ground level to the top of 
the troposphere in the source region (Highveld) are not 
equivalent to high ground-level concentrations. 

South African corporations (private and state-owned) 
are required to adhere to South African laws and 
regulations. The Government departments are required to 
regulate in terms of South African law. Appeals to 
standards in other jurisdictions (US EPA and World 
Health Organisation guidelines) are unwarranted and 
illogical when used, as in this instance, to attribute moral 
or legal turpitude and hence male fide. As an example, 
consider that in the USA, the death penalty is still allowed. 
Because it is the law in the USA, does this mean that the 
USA statutes ought to be applied in South African criminal 
courts, in contradiction to our constitution? Comparison 
with other jurisdictions is appropriate during standards-
setting processes, not in evaluating compliance. 

With regards to the oft-quoted World Health 
Organisation guideline values for air quality, one needs to 
recognise that the WHO is not only comprised of panels 
of experts – it is itself an advocacy group. Its guidelines 
are always one step ahead of the standards of any legal 
jurisdiction. Setting aspirational levels for environmental 
contaminants is part of their brief and needs to be 
recognised as such. Differences between national 
standards and WHO aspirational guideline values do not 
necessarily reflect moral or governance failure on the part 
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Gauteng is influenced to a greater or lesser 
extent by power plants emissions may well be 
higher than 28% as quoted by Greenpeace. The 
frequency of impact itself is not the issue. 
Instead, the frequency of exceedance of the 
national limit values would be of relevance. 

of South African government departments or SA 
companies. Attempts to associate local air quality levels 
to these external reference levels thus represents an 
inappropriate action by Greenpeace to advance their 
campaign by arguments that have no basis in law or 
applicable processes of standard-setting.  

“Because South Africa’s coal-belts are hidden from view for the majority of South Africans, it can be easy to 
pretend that they don’t actually exist. 

The reality is that coal extraction and burning has devastating impacts on the people living in the area. 

This satellite data now confirms that there is nowhere to hide: Eskom’s coal addiction in Mpumalanga means 
that millions of people living in Johannesburg and Pretoria are also impacted by the pollution from coal” 
continued Steele. 

This paragraph is opinion, to which the 
cited person is entitled to express her 
views. 

The “devastating impacts of coal-
burning” has been argued to arise most 
acutely from the domestic use of coal, 
rather than from power plant emissions 
(Wernecke, 2015; Shezi & Wright, 2018; 
DEA, 2019). 

This paragraph is a continued quote from Ms Steele, 
expressing her opinion. The use of superlative and 
disparaging terms (easy to pretend; devastating impacts; 
nowhere to hide; Eskom’s coal addiction) reveal the 
perspective of the author as being inherently anti-coal and anti-
Eskom, rather than an objective analyst. The Greenpeace 
position appears not to take a comprehensive view of the 
multiple causes of ambient pollution, and which contribute to 
the most frequent and severe exceedances of the relevant 
guidelines. If their concerns, as implied by the tenor of the 
criticisms in this release, are about human health, then they 
appear to be missing the primary target, as reflected in the 
sample references quoted in the adjacent columns.  

The list of the largest NO2 hotspots in the world includes well known coal-fired power plants in South Africa, 
Germany and India, and a total of nine coal power and industrial clusters in China. Cities such as Santiago de 
Chile, London, Paris, Dubai and Tehran also feature high in the ranking due to transport-related emissions. 

Not disputed.   

“Air pollution is a global health crisis, with up to 95% of the world’s population breathing unsafe air [3]. 

South Africa is a significant global hotspot with its high concentration of coal power stations and its weak air 
pollution standards. 

For most (all) of the common (criteria) air pollutants, 
there are no levels that can be scientifically proven to 
be safe. Scientists can establish levels below which 
there are no observable effects, but there are no 
magic thresholds below which the pollutants could be 
said to be safe (no effects at all). Accordingly, the 
setting of regulatory levels is a blend of using the best 
available scientific evidence, the state of technology to 
mitigate emissions, and of socio-economic factors. 

The South African air quality limits (ambient limit 
values) and minimum emission rates (MES - applying 
to stack emissions), while not necessarily the most 
stringent in the world, have been regularly 
benchmarked against other national standards, those 
of the US EPA in particular, and with acknow-
ledgement of WHO air quality guidelines. Over the 
past decade, South African ambient air quality 
standards have been adjusted downward in line with 
international trends 

This paragraph is a direct quote from Ms Steele, 
expressing her opinion.  

As discussed in the adjacent column, the setting 
of air quality standards is a political process 
balancing science, technology, economics and 
social values. If Ms Steele chooses to accept the 
www.stateofglobalair.org definition of safe air, then 
that is her entitlement, and part of the political 
process of moving social and political values to 
more stringent limits. However, if the State of 
Global Air authors define the whole planet as 
having poor air quality, then this may not be a 
useful starting point for developing a constructive 
debate for achievable and affordable 
improvements in air quality in South Africa.  

Ms Steele’s characterisation of SA’s weak air 
pollution standards is her opinion. 

Standard settings take into account the 
management of all sources of air pollution and 
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In setting AQ limit values, the DEA adheres to the 
principles of the National Environmental Management 
Act (NEMA), specifically clause 2.3 “Development 
must be socially, environmentally and economically 
sustainable.”  

balance the costs (internal and external) of 
mitigation within source categories, e.g. the social 
disruption that would be caused in low-income 
households if all domestic solid fuel burning were 
to be summarily banned. 

Our Government urgently needs to come up with an action plan that protects millions of people, instead of dirty 
coal power stations,” continued Steele. 

The DEA does have air quality management plans aimed at 
protecting the whole population. These plans are balanced by 
science, practicality and affordability. The declaration of the 
three Air Quality Priority Areas (Highveld, Vaal Triangle and 
Waterberg-Bojanala) initiated a process of detailed planning 
and intervention by the government at national level. Updates 
on the DEA website and policy briefings to Parliament ensure 
the plans and updates are publically available. 

Moreover, staff of Air Quality Directorate of DEA are highly 
qualified (there are several PhD qualified staff members). They 
have initiated comprehensive training programmes for 
provincial and municipal AQ officers. They keep regular 
contact with local and international academic institutions to 
stay up to date with emerging trends in air quality science, 
management and regulation. 

Ms Steele’s opinion. She implies that the 
Government (DEA) does not have a plan to 
manage air quality. This statement is false. 
One could argue on the details of the 
plans, or on shifting priorities within the 
plan, or at a political level argue for a 
greater share of government expenditure 
to be directed towards air quality 
improvements.  

Her use of pejorative terms – dirty – with 
coal power stations indicates a fixed 
attitude of a campaigner and does not 
concede any territory to allow for a just, 
managed transition towards a low carbon 
economy. 

Compared with many other countries, South Africa has relatively weak Minimum Emission Standards (MES), that 
allow coal-fired power stations to emit up to 10 times more NO2 than allowed in China or Japan. 

We do not dispute that SA’s MES may be weaker 
than in other countries. There are however other 
differences that need to be taken into account in 
determining the likely impact on ground-level 
concentrations, including the height of Eskom’s stacks 
(mean height ~270 m), the Highveld elevation above 
sea level, which affect the dispersion potential of the 
power plant emissions.  

There are differences in MES for new-build 
plants and legacy plants. Transitions from old to 
new standards are always negotiations, taking into 
account the age of plant, costs and benefits of 
retrofits. This sweeping comparison of new-build 
MES in China and Japan with 40-year old legacy 
plants is a false and misleading argument. 

Nonetheless, the majority of Eskom’s ancient and highly polluting coal-fired power stations do not comply with 
these MES. 

At the time of construction, building tall stacks to aid 
dispersion of emissions was accepted as an 
appropriate technology for dealing with gaseous 
pollutants. High emissions of particulate matter were 
addressed by installing electrostatic precipitators, 
which in some cases were subsequently replaced by 
bag filters).  

The essence of the debate is whether the societal 
(health and environmental) benefits of reduced air 
pollutants justify the costs of retrofitting the latest 
emission control technology to plants that 
approaching the end of their design and extended 
lifetimes. Alternative strategies ought to be considered 
as to whether more extensive and more cost-effective 
externality benefits by similar or smaller investments 
in other aspects of air quality control, such as reducing 
domestic coal smoke exposure.  

“ancient and highly polluting” are journalistic 
devices reflecting the commenters attitude. 
Acknowledgement is given that the existing power 
stations are reaching the end of initial or extended 
design lives (~30 and ~50 years respectively) and 
for this reason, it does not make economic sense 
to install extensive and expensive state of the art 
emission control systems. These systems would be 
beyond the affordability of Eskom. The concomitant 
increase in tariffs (even less affordable electricity) 
and an increase in domestic solid fuel burning 
would offset by several-fold whatever air quality 
gains were achieved from reducing power plant 
gaseous emissions. By setting stricter but still not 
the ultimate MES, Eskom could install abatement 
equipment for SO2 and NOx that would reduce 
emissions and be practicable in terms of 
affordability and installation time frames.  
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In 2015 Eskom was granted a five-year postponement from complying with MES. 

Correct. The motivation for these postponement applications is based on the above explanation. 

In 2018 Eskom has again applied for postponements for nitrogen oxides for 16 of its 19 power plants (including 14 
coal-fired power plants and 2 liquid fuel power plants). 

Correct. The motivation for these postponement applications is based on the above explanation. 

“Coal kills, and Greenpeace strongly opposes any further postponements from complying with air quality 
regulations and demands that all coal-fired power stations that don’t comply with the existing air quality 
regulations be decommissioned on an accelerated timeline”. 

The DEA has recognised that exposure to domestic 
emissions from solid fuel combustion results in a far more 
acute air pollution exposure than from the power station 
emissions (DEA, 2019). They have therefore instituted an 
offsets programme, whereby the large emitters (Eskom 
and Sasol) mitigate domestic exposure (mainly to PM2.5) 
in terms of temporary exemptions from the MES. 

As argued above, air quality limits and MES limits are 
values arrived at by political processes. (Nearly) 
everyone would agree on a desire for clean air and clean 
(renewable) energy. The maintenance of a reliable supply 
of affordable electricity is an essential prerequisite for a 
functioning economy (as underscored by the adverse 
consequences of recent power outages). Maintaining and 
replacing the existing energy infrastructure is proving 
difficult and costly. Even clean, renewable energy 
generators (solar and wind) have challenges, including 
intermittency, and requirements for new transmission 
lines to link optimal generating sites to centres of 
consumption.  

This is an unattributed quote, but presumably 
still from Ms Steele.  

Is Greenpeace advocating that we 
decommission old power plants and have an 
indeterminate period (years) of reduced 
national electricity supply inadequate to meet 
current and projected demands? The 
Greenpeace advocacy moves towards strong 
enforcement in one sector, with no regard for 
the disruption to human health and welfare from 
unintended consequences should their 
arguments prevail.  

The use of the phrase “Coal kills” is an 
emotive appeal. Statistical attribution to 
reduced life expectancy does not translate into 
causality. 

“The Government should also set up an action plan with concrete steps, measures and deadlines to make sure 
that air pollution levels in high priority areas comply with existing regulations. 
This means that no new coal-fired power stations can be included in the national electricity plan (IRP 2018), unit 5 
and 6 of Kusile coal power plant in Mpumalanga must be cancelled and 50 per cent of current coal-fired power 
stations need to be decommissioned by 2030 in line with the IPCC Special Report on 1.5℃” continued Steele. 

The Government (DEA) does have 
plans to address the issues. The plans 
are compliant with the NEMA law that 
requires environmental rights to be 
balanced, taking social and economic 
factors into account. Where compliance 
is neither affordable nor practical within 
short to medium terms, intermediate 
steps have been implemented. 

 

Ms Steele’s opinion.  
These DEA plans and implementation strategies include the 

Highveld offsets programme and the relaxing of MES to an 
achievable intermediate level rather than the setting of stricter 
but unaffordable level. By relaxing the MES, intermediate level 
technologies for retrofits become affordable, and Eskom has 
indicated a willingness to implement such technologies. This 
would allow for an improvement in air quality at moderate cost 
with intermediate time frames.  

Under the stricter MES conditions, only the most modern and 
extensive technologies available could assure compliance. 
These technologies are not affordable under Eskom’s current or 
projected tariff structures. The setting of strict MES limits would 
result in a standoff with technical implementation delayed 
indefinitely, or implemented with associated substantial 
increments in the cost of electricity. 
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Greenpeace text 

Comments on scientific accuracy Comments on textual implications 

With hotspots across six continents, the satellite imagery shows the global extent and cross-boundary nature of 
the crisis.”  

It is agreed that high nitrogen 
oxide column densities are 
observed on six continents.   
 
It is agreed that air pollution is a 
cross border phenomenon.  

Vague referential. Various treaties and conventions consider the 
regions and continental effects of transboundary air pollution. The 
authors have defined the phenomenon of cross border air pollution 
as a crisis, without justification based on evidence. 

Summary statement.  

Governments must urgently step up their act and provide clean and healthy air for all.  

The summary 
statement and a 
call to action by 
the authors. 

This statement conveys a simplistic unrealistic expectation which does not 
acknowledge the complexity of the air pollution challenges in Mpumalanga and indeed 
other regions of the South African Highveld. It ignores that the best international practice 
of conducting chemical mass balance source apportionment studies, combined with 
dispersion modelling, is part of the planning and implementation of air quality control 
implemented by the DEA. 

3. DISCUSSION  

The Greenpeace press release is a piece of 
polemical writing intended to advance a particular 
viewpoint. The purported entry point, namely higher 
resolution images of atmospheric column NOx from 
a recently launched satellite, provides confirmatory 
evidence of a long-known phenomenon. The 
argument advanced in the article relating to NOx 
pollution as observed from space has a fatal 
scientific flaw, in that it confuses vertical column 
depth of NO2 (including dense layers of NOx at the 
top of the boundary layer) with ground-level 
concentrations. Greenpeace’s expert confirms that 
the modelled ground-level concentrations of NOx 
and SO2 due to the power stations alone do not 
anywhere exceed any of the national air quality limit 
values. As a result of this error, the remainder of the 
article emphasising “dangerous levels of 
NOx...affecting millions of people” is inaccurate and 
designed to raise the alarm. The scientific evidence, 
including that provided by their external consultant 
does not support the calls for urgent and drastic 
action.  

The concluding call for action shows either 
ignorance or wilful neglect of the scientific literature 
and current air quality monitoring activities and 
regulation in South Africa. The imputations that 
planning and enforcement efforts are absent that 
standards are weak is tendentious and unworthy of 
the reputation and aspirations of Greenpeace as an 
agency of environmental custodianship. 

The Greenpeace press release received 
widespread media and other attention, including 
being the subject of a special session of the 
Parliamentary Environmental Portfolio Committee. 
Several of the media presentations repeated, 

without question or countervailing viewpoints, the 
invalid assertion that the Highveld is the “worst 
percentage of NO2 air pollution in the world” 
(Maythem, 2019).  

While greater awareness of air pollution is to be 
welcomed, and debate on improving regulations and 
environmental management is part of our 
constitutional rights and obligations, as scientists we 
need to ensure that debate proceeds concerning the 
accurate scientific interpretation and valid reasoning 
in the public understanding of atmospheric science 
and technology.  Without wishing to impinge on the 
rights of anyone to hold contrary views, we cannot 
allow such debates to proceed on the base of 
palpably inaccurate distortions of basic science, 
invalid argument, or opinion unsupported by 
evidence being presented as factual. 

We conclude that scientists have a responsibility 
to speak out, also in the policy arena, to ensure that 
truth and perceptions coincide in the public 
understanding of science and technology. 
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In South Africa, domestic sources of air pollution have significant impacts on health matters. 
Solid fuel is a prominent energy carrier, largely due to poverty. As a result, dense low-income 
settlements typically experience the worst ambient levels of pollution. These areas are often
located in close proximity to industrial hotspots, which further exacerbates their air quality. 
Previous studies have shown that intra-urban air pollution sources account for most of South 
Africa's burden of disease. To intervene, Air Quality Offset Guidelines were published in 2015 
as a vehicle to combat air pollution. Subsequently, on 17 May 2019, the national government 
published a Strategy to Address Air Pollution in Dense Low-Income Settlements which 
reiterates the pivotal role that the private sector can play in mitigating air pollution in these 
areas. This paper sets out to probe the strengths and weaknesses of the options presented in 
South Africa’s environmental law framework for the use and implementation of air quality 
offsets. Offsets are a concept designed to urge industries or commercial firms (the private 
sector) and other actors to generate environmental improvements. Subsequently, these 
environmental improvements/dividends are then used to offset pollution mitigation 
requirements for regulated entities. Whereas offsets are attractive in concept, their 
implementation in practice is confronted with a number of obstacles. Local context should be
considered carefully to ensure the effectiveness of this legal vehicle.
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1 Background

In 2013 the world reported 5.5 million 

premature deaths from air pollution.1 The 

1 Forouzanfar MH. et al. 2015 “Global, 
regional, and national comparative risk 
assessment of 79 behavioural, 
environmental and occupational, and 
metabolic risks or clusters of risks in 188 
countries, 1990–2013: a systematic 
analysis for the Global Burden of Disease 
Study 2013”, Lancet 2287.

2 Forouzanfar MH. et al. 2015 “Global, 
regional, and national comparative risk 

staggering figure establishes air pollution as a 

principal environmental risk factor. Out of 79, air 

pollution is the fourth biggest risk factor 

responsible for premature mortality and 

morbidity in the world.2 In the same year, South 

assessment of 79 behavioural, 
environmental and occupational, and 
metabolic risks or clusters of risks in 188 
countries, 1990–2013: a systematic 
analysis for the Global Burden of Disease 
Study 2013”, Lancet 2287; Brauer M. et al.
2016 “Ambient Air Pollution Exposure 
Estimation for the Global Burden of 
Disease 2013”, Environmental science & 
technology 7.- 54 -



Africa recorded an estimated minimum of 19 

801 deaths associated with air pollution.3

Notably, ambient particulate matter pollution 

claimed 10 432 of these deaths, while 

household air pollution (HAP) from the burning 

of solid fuel was responsible for 9 587 deaths.4

The figures prove that exposure to HAP 

presents one of the most consequential risks to 

human health. Some hold that HAP is more 

potent than the cumulative emissions from 

industries, mines and other commercial 

sectors.5 Whereas a large emitter like a power 

station releases pollution into the atmosphere 

through a tall stack, which effectively allows the 

dispersal of pollution over a wider area, HAP 

occurs both indoors and in the near 

outdoor/household environment, where people 

suffer acute chronic exposure to toxic pollutants 

at much lower levels, increasing the ground-

level concentrations of pollution.6 It would 

appear that the evidence of the toxic impacts of

3 Forouzanfar MH. et al. 2015 “Global, 
regional, and national comparative risk 
assessment of 79 behavioural, 
environmental and occupational, and 
metabolic risks or clusters of risks in 188 
countries, 1990–2013: a systematic 
analysis for the Global Burden of Disease 
Study 2013”, Lancet 2287.

4 Institute for Health Metrics and Evaluation 
2015 http://vizhub.healthdata.org.

5 Ezzati M and Kammen DM.  2002 “The 
health impacts of exposure to indoor air 
pollution from solid fuels in developing 
countries: knowledge, gaps, and data 
needs”, Environmental Health 
Perspectives 1057; WHO 2015 
http://apps.who.int/gb/ebwha/pdf_files/W
HA68/A68_18-en.pdf.

6 Lindeque The Health and Economic 
Benefits of Interventions to Reduce 
Residential Solid Fuel Burning 57; Smith 
KR. et al. 2014 “Millions Dead: How Do We 
Know and What Does It Mean? Methods 
Used in the Comparative Risk Assessment 
of Household Air Pollution”, Annual review 
of public health 185; Item 1.1 in GN 666 in 
GG 42464 of 17 May 2019.

particulate matter (PM) emanating from 

combustion is more consistent and compelling

than that of PM from other sources.7

The negative health effects of HAP are 

disproportionately and inequitably felt by some 

communities.8 The victims of HAP are often 

poor and vulnerable groups such as children, 

women and persons who suffer from other 

ailments.9 Studies on air pollution and its health 

impacts reveal that exposure to air pollution 

causes health problems that include respiratory 

conditions particularly in children.10 "Viruses 

and bacteria, moulds and … genetic 

predisposition" are factors closely linked to 

health problems related to air pollution.11 Pre-

existing health conditions also magnify the 

effects of air pollution on health.12 It follows that 

populations of low socio-economic standing are 

often the victims of chronic respiratory 

7 Langerman KE. et al. 2018 “Moving 
Households to Cleaner Energy through Air 
Quality Offsets”, Institute of Electrical and 
Electronics Engineers 1.

8 Smith KR. et al. 2014 “Millions Dead: How 
Do We Know and What Does It Mean? 
Methods Used in the Comparative Risk 
Assessment of Household Air Pollution”, 
Annual review of public health 162.

9 Barnes B. et al. 2009 “Household Energy, 
Indoor Air Pollution and Child Respiratory 
Health in South Africa”, Journal of Energy 
in Southern Africa 4.

10 Matoone. M et al. “Vulnerability of South 
African communities to air pollution" 
Proceedings: 8th World Congress on 
Environmental Health (22 - 27 February 
2004 Durban)’, 3.

11 Rios R. et al. 1993 “Susceptibility to 
Environmental Pollutants among 
Minorities”, Toxicology and Industrial 
Health 797.

12 Levy JI. et al. 2002 “The Importance of 
Population Susceptibility for Air Pollution 
Risk Assessment: A Case Study of Power 
Plants Near Washington, DC”, 
Environmental Health Perspectives 1253.- 55 -



diseases.13 Fundamentally, "socioeconomic, 

biological and environmental dimensions" 

underlie vulnerability to air pollution.14 These 

factors individually or collectively determine 

how people respond to the impacts of air 

pollution.

In South Africa, most densely populated low-

income settlements are located on the 

peripheries of cities alongside heavy polluting 

industries.15 As such, many city dwellers are 

exposed to significant concentrations of 

ambient and indoor air pollution.16 The major 

sources of pollution which significantly impact 

on dense low-income settlements (DLISs)

include HAP, pollution caused by neighbouring 

industrial facilities, un-surfaced roads, veld 

fires, tyre and cable burning for metal recovery, 

waste burning, street burning for vendors, 

heating in public places, and vehicle 

emissions.17

2 Air quality standards in the South African 

context

South Africa has air pollution standards to 

regulate emissions inter alia by industry, mines 

and the commercial sector. The Minimum 

Emission Standards (MESs) aim to “reduce 

13 Rios R. et al. 1993 “Susceptibility to 
Environmental Pollutants among 
Minorities”, Toxicology and Industrial 
Health 797.

14 Matoone. M et al. “Vulnerability of South 
African communities to air pollution" 
Proceedings: 8th World Congress on 
Environmental Health (22 - 27 February 
2004 Durban)’, 4.

15 Matoone. M et al. “Vulnerability of South 
African communities to air pollution" 
Proceedings: 8th World Congress on 
Environmental Health (22 - 27 February 
2004 Durban)’, 2.

16 Lindeque The Health and Economic 
Benefits of Interventions to Reduce 
Residential Solid Fuel Burning 57.

harmful effects on human health”18 and to align 

air quality management with international best 

practices.19 Prior to the establishment of MESs, 

in 2009 the National Ambient Air Quality 

Standards (NAAQS) were published, which 

commit to securing a safe environment in which 

the nation’s inhabitants could enjoy proper 

health and well-being, by determining 

acceptable levels of risk emerging from 

pollution. Despite these efforts to improve air 

quality standards, people's health and the 

environment in which people live, ambient air 

quality continues to deteriorate due to non-

compliance with NAAQS, inter alia.20 The 

magnitude of the problem is felt particularly in

the so-called "national air pollution priority 

areas", which experience very poor ambient air 

quality.21 The areas most affected are the Vaal 

Triangle Airshed Priority Area, the Highveld 

Priority Area and the Waterberg-Bojanala 

Priority Area. Although no threshold of safety 

has been established, beyond which exposure 

to pollution is dangerous,22 guidelines for

ambient air pollution have been set in South 

Africa for several compliance time frames for

SO2, NO2, ozone, PM10 and PM2.5. However, 

the NAAQS are substantially weak in terms of 

17 Item 1.1 and 2.7 in GN 666 in GG 42464 
of 17 May 2019.

18 Item 1 in GN 1210 in GG 32816 of 24 
December 2019.

19 Item 1.1 in GN 666 in GG 42464 of 17 May 
2019.

20 Gray 2019 https://www.ee.co.za/wp-
content/uploads/2019/06/Andy-Gray-
Report-to-CER.pdf.

21 Gray 2019 https://www.ee.co.za/wp-
content/uploads/2019/06/Andy-Gray-
Report-to-CER.pdf.

22 United States Environmental Protection 
Agency 2010 https://www3.epa.gov.
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the guidelines of the World Health Organisation 

(WHO).23

The World Health Assembly endorsed a 

watershed resolution to address the health 

effects of air pollution in May 2015.24 The 

resolution appealed to all signatory states 

(South Africa being one of them) to improve the

monitoring of all pollution-induced illnesses; to 

foster clean cooking, lighting, heating and 

energy carrier methods and technologies; to 

allow and promote expertise to grow; and to 

incorporate health promotion in all air pollution-

related policies.25 In particular, the utilisation of 

health impact assessments in tandem with 

cost-benefit analyses are pin-pointed as critical 

means of evaluating the efficacy of monitoring 

strategies and guiding decision making 

pertaining to air pollution policy.26

Legal instruments for air quality management in 

South Africa have a distinct human health 

orientation. The Department of Environmental 

Affairs, Forestry and Fisheries (DEAFF) is 

pursuing an outcome-based approach27 to 

developing policies and programmes around 

the overall improvement of ambient air quality. 

Hence, on March 18, 2016 the Department

published the Air Quality Offsets Guideline

(AQOG). The AQOG acknowledges HAP in 

DLISs as a serious source of pollution which 

should be addressed through offset 

programmes.28 The AQOG pursues positive 

23 World Health Organization 2018 
https://www.who.int/news-room/fact-
sheets/detail/ambient-(outdoor)-air-
quality-and-health.

24 WHO 2015 
https://www.unenvironment.org/news-
and-stories/press-release/world-health-
assembly-passes-landmark-resolution-air-
pollution-and.

25 WHO 2015 
https://www.unenvironment.org/news-

outcomes on air quality through the abatement 

of emissions. Other benefits are secondary 

concerns.29 Since the NAAQS were developed 

to address health concerns for people exposed 

to air pollution, the reduction of emissions 

should also lead to health benefits. A question 

arises on the viability of Air Quality Offsets as a 

vehicle for the improvement of air quality. As 

alluded to above, this paper attempts to answer 

the question with a preliminary legal review of 

the current implementation of air pollution 

offsets against the environmental legislation in 

South Africa. The objective is to evaluate the 

efficacy of Air Quality Offsets and their impact 

on health concerns in addressing air quality in 

DLISs. The focus is not on all possible forms of 

offsets but specifically on the implementation of 

AQOs to combat HAP. 

3 South Africa's Air Quality Legal 

framework

Section 24 of the Constitution of the Republic of 

South Africa, 1996 (hereafter the Constitution)

provides an enforceable substantive 

environmental right that mandates the state to 

address all forms of pollution through legislative 

and other means. Flowing from this 

constitutional basis is the National 

Environmental Management Act 107 of 1998 

(NEMA), which provides the legislative 

framework for integrated environmental 

and-stories/press-release/world-health-
assembly-passes-landmark-resolution-air-
pollution-and.

26 WHO 2015
http://www.who.int/mediacentre/news/rele
ases/2015/wha-26-may-2015/en.

27 Item 3(a) in GN 333 in GG 39833 of 18 
Mach 2016.

28 GN 333 in GG 39833 of 18 Mach 2016.
29 Item 3(a) in GN 333 in GG 39833 of 18 

Mach 2016.- 57 -



management in the country.30 The NEMA is 

accompanied by sector-specific legislation such 

as the National Environmental Management: 

Air Quality Act 39 of 2004 (NEM:AQA), which 

deals with the protection and regulation of air 

quality.31 The NEM:AQA identifies local 

authorities (municipalities) as the regulators of 

air quality, which is commensurate with 

schedule 4B of the Constitution’s declaring air 

pollution to be within the competence of local 

government.32

Environmental offsets (EOs) are tools in the 

environmental governance realm emerging 

from a sustainable development frame of 

reference.33 EOs have been described as the 

"missing link" to attaining and enhancing sound 

sustainable development.34 There is wide 

support for the auspicious potential of EOs 

being a vehicle through which the negative 

socio-ecological effects of development 

activities can be addressed.35 Although the 

AQOG concedes that offsets are not explicitly 

provided as an option in South Africa's 

legislative framework, it claims that offsets 

promote sustainable development.36 The 

concept of sustainable development is 

entrenched in the South African legal context by 

virtue of section 24(b)(iii) of the Constitution, 

which requires that

the environment [be] protected, for 
the benefit of present and future 

30 Engelbrecht and Kornelius “Air Quality 
Management” in Du Plessis Environmental
Law and Local Government in South Africa
387.

31 Preamble of the National Environmental 
Management: Air Quality Act 39 of 2004.

32 Engelbrecht and Kornelius “Air Quality 
Management” in Du Plessis Environmental 
Law and Local Government in South Africa
379.

33  Linkd Environmental Services "Literature 
Review: Environmental Offsetting" 4.

generations, through reasonable 
legislative and other measures that —
secure ecologically sustainable 
development and use of natural 
resources while promoting justifiable 
economic and social development.

Section 24(b) (i)-(iii) stipulates the positive 

obligations that the state must discharge to 

prevent pollution and ecological degradation. 

The state is mandated to make use of 

"legislative and other measures" in performing 

the above duties. The legislative measures 

pertain to national laws and local bylaws, 

among other things, whilst "other measures" 

can include a range of environmental 

governance instruments such as plans, 

programmes, and the use of various regulatory 

tools.37 AQOs could be considered as forming 

part of the "other measures" the state could

employ in protecting the environment while 

advancing inter- and intra-generational 

interests.

The national environmental management 

principles embedded in the NEMA emphasise 

the need for sustainable development to be 

taken into account when the state decides on 

matters which impact on the environment or

plans for environmental protection.38 In line with

section 2 of the NEMA, AQOs could be means 

of rectifying the effects of pollution when the 

complete avoidance and minimisation of air 

34 Eskom Holdings SOC Limited The 
Execution of a Household Emission Offset 
Pilot Study in the Highveld Priority Area, 
Mpumalanga 1.

35 Linkd Environmental Services "Literature 
Review: Environmental Offsetting" 4.

36 Item 1 in GN 333 in GG 39833 of 18 Mach 
2016.

37 Faure and Du Plessis The Balancing of 
Interests in Environmental Law in Africa
430.

38 Section 2(3) and 4(i) of the NEMA.- 58 -



pollution are impossible.39 As such, AQOs 

could be acceptable means of addressing the 

significant environmental residual effects of 

pollution only after on-site avoidance and 

mitigation efforts have been implemented to the 

greatest extent possible, as was done in 

Australia, for example.40 Thus, AQOs could be

an integral part of the mitigation hierarchy 

applied in environmental impact assessment 

(EIA) as a mitigation action of last resort.41 The 

sequence of the mitigation hierarchy then 

becomes: avoid, minimise, rehabilitate (where 

applicable) and only then, offset.42 In using 

AQOs for accounting for residual environmental 

impacts, the costs of mitigating air pollution are 

not inappropriately socialised but are factored 

into planning and investment decisions as part 

of standard business practice.43 This is in line 

with the objectives of sustainable development 

which are meant to respond to historic and

continuing systemic market failures that arise 

from externalising the environmental and social 

costs of development.44

In keeping with the above, the environmental 

duty of care provided in section 28 of the NEMA 

could be read into the objectives of AQOs. The 

duty has a pervasive accountability quality that 

applies to all activities that have the potential to 

cause, are causing, or have caused 

environmental pollution and degradation.45

Polluting industries must uphold the duty of 

care by mitigating the impacts of HAP in DLISs

39 Item 2.2 in GN 333 in GG 39833 of 18 
Mach 2016; section 2(4)(a)(ii) of the 
NEMA.

40 Western Australian Government’s 
Environmental Offsets Guidelines 2014 7. 

41 Linkd Environmental Services "Literature 
Review: Environmental Offsetting" 5.

42 Western Australian Government’s 
Environmental Offsets Guidelines 2014 7.

through AQOs. This undertaking must produce 

substantial and measurable ambient air quality 

benefits (such as improved health and well-

being) for the present and future generations. 

The polluter pays principle, as set out in section

2(4)(p) of the NEMA, supports the principle of 

the environmental duty of care in that it serves 

to bill the pollution emitted in the air as well as 

its effects. The aim with the polluter pays 

principle is to preserve and protect the 

environment by requiring that those responsible 

for decreasing the quality of the air must bear 

the costs associated with such damage. This

objective must be reflected in the application of 

AQOs by demanding that polluting industries 

bear the costs of offsetting pollution that 

impacts on the health of DLISs. Section 2(4)(p)

of the NEMA states: 

[T]he costs of remedying pollution, 
environmental degradation and 
consequent adverse health effects 
and of preventing, controlling or 
minimising further pollution, 
environmental damage or adverse 
health effects must be paid for by 
those responsible for harming the 
environment.46

The polluter must squarely bear the costs of 

pollution management and prevention efforts, 

and this can be achieved by imposing a charge 

on polluting emissions, or by debiting the 

polluter through some other suitable economic 

mechanism.47 To put the polluter pays principle

into the context of AQOs, polluting industries

43 DEAFF and Linkd Environmental Services 
Discussion Document on Environmental 
Offsets 10.

44 DEAFF and Linkd Environmental Services 
Discussion Document on Environmental 
Offsets 6.

45 Section 28(1) of the NEMA.
46 Section 2(4)(p) of the NEMA.
47 Chauke Critical Analysis of the Law on 

Duty of Care to the Environment 24.- 59 -



that are collocated to DLISs have the positive

legal duty to cover the costs of offsetting the 

impacts of pollution in affected communities.

Furthermore, the environmental justice 

principle and the cradle-to-grave principle 

provided under sections 2(4)(c) and 2(4)(e) of 

the NEMA respectively suggest the necessity of 

AQOs. The environmental justice principle 

requires that negative environmental effects 

should not be distributed in a way that unjustly 

discriminates against any person, especially

vulnerable groups.48 In the light of this, AQOs 

could play a role in instigating adaptive and 

mitigative measures that would make DLIS 

environments more resilient to HAP and that 

would help counter environmental injustices in 

relation to air quality. The cradle-to-grave 

principle provided in section 2(4)(e) of the 

NEMA states that the responsibility for the 

environmental health and safety impacts of an 

activity exists throughout its life cycle. This 

means that a polluting industry, for example,

can be held liable for the detrimental 

environmental health and safety impacts arising 

from the development activity for as long as 

those impacts continue to be felt.49 This ties in 

with the extensive duty for responsible waste 

48 Section 2(4)(c) of the NEMA.
49 Oosthuizen, Van der Linde and Basson

“National Environmental Management Act
107 of 1998 (NEMA)” in Fuggle and Rabie 
Environmental Management in South 
Africa 142.

50 Section 16 of the National Environmental 
Management: Waste Act 59 of 2008.

management provided in the National 

Environmental Management: Waste Act 59 of 

2008.50 Therefore, the cradle-to-grave principle 

also feeds into the argument for the adoption of 

AQOs. In this regard, the polluter is mandated

to continually address the negative and residual 

environmental impacts of pollution throughout 

the life cycle of a development activity so that 

DLISs do not suffer the environmental health 

and safety effects of such pollution.

The requirement set out in section 43 of the 

NEM:AQA that all AELs must incorporate any 

measure necessary to protect air quality can be 

understood as a basis on which AQOs are 

adopted.51 Section 39 of the NEM:AQA further 

justifies the adoption of AQOs in that the 

licensing authority is tasked with considering

the best practicable options to abate negative 

environmental impacts in receptor locations 

such as DLISs.52 In this regard it must be 

stressed that AQOs are instruments 

supplementary to a core regulatory programme

such as MESs that enables polluting industries 

to fulfil their mitigating obligations through 

environmental improvements that take place 

outside of the core.53

51 Section 43(1)(m) of the NEM:AQA. 
52 Section 39(c)(i) and (ii) of the NEM:AQA.
53 Hahn R. and Richards K. 2013 “Evaluating 

the Effectiveness of Environmental Offset 
Policies Smith School Working Paper 
Series”, Smith School of Enterprise and 
the Environment 2.
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Figure 1. Applicable law illustrated

4 An argument for the necessity of Air 

Quality Offsets in South Africa

The necessity of engaging in AQOs in South 

Africa is not without debate and controversy. 

For instance, the Centre for Environmental 

Rights (CER) vigorously challenges the place of 

offsets in South Africa's environmental 

legislative and governance framework.54 The 

CER argues that there are no express

provisions on offsets in legislation and that 

there is no policy framework for offsets in 

general, and for AQOs in particular.55 The CER 

also impugns the interpretation of section 

43(1)(m) of the NEM:AQA, which suggests the 

54 Centre for Environmental Rights 2015 
ttps://cer.org.za/wp-
content/uploads/2016/08/Offsets-AQ-
Gdlne-CER-27-July-2015_final.pdf.

55 Centre for Environmental Rights 2015 
ttps://cer.org.za/wp-
content/uploads/2016/08/Offsets-AQ-
Gdlne-CER-27-July-2015_final.pdf.

use of offsets to "protect or enforce air 

quality".56

The above notwithstanding, the (DEAFF)

Department of Environmental Affairs, Forestry 

and Fisheries as recently as in 2019 produced 

the Strategy to Address Air Pollution In Dense 

Low-income Settlements, in which it contends 

that offset programmes could have 

complementary value to redress complex 

sources of pollution and could induce the 

government and other polluting industries to 

jointly clean the air.57 The burning of solid fuels

in residential areas is one of the complex 

sources of pollution in DLISs. Offsets could 

mitigate the exposure to pollution and reduce 

56 Centre for Environmental Rights 2015 
ttps://cer.org.za/wp-
content/uploads/2016/08/Offsets-AQ-
Gdlne-CER-27-July-2015_final.pdf.

57 Item 4 in GN 666 in GG 42464 of 17 May 
2019.
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air pollution and its associated health impacts. 

In addition, offsets also have a positive potential 

for "extensive and cost-effective impacts 

compared to equivalent emissions from, for 

example, industrial emissions".58 The AQOG 

defines AQOs as: 

[a]n intervention, or interventions, 
specifically implemented to 
counterbalance the adverse and 
residual environmental impact of 
atmospheric emissions in order to 
deliver a net ambient air quality 
benefit within, but not limited to, the 
affected air shed where ambient air 
quality standards are being or have 
the potential to be exceeded.59

On a practical level, offsets may be considered

by a licensing authority during the application 

process and could be conditions for an AEL if 

the licensing authority deems it fit. During an 

application for the postponement of compliance 

timeframes, offsets can be proposed in part or 

in full for consideration, based on section 21 of 

the NEMA:AQA (“Listing of activities”) because 

the operative word is “recommend”.60 Offsets 

may be recommended when an application is 

postponed based on section 21 under the 

following conditions: 

a) There is substantial evidence 
suggesting that there is no 
available technology globally to 
reduce air emissions from the 
listed activity; 

b) Confirmation provided that the 
plant will be decommissioned 
within the next 10 years; 

58 Fridge "Study to Examine the Potential 
Socio-economic Impact of Measures to 
Reduce Air Pollution from Combustion” 18.

59 Item 1.1 in GN 333 in GG 39833 of 18 
Mach 2016.

60 Item 4(a) in GN 333 in GG 39833 of 18 
Mach 2016.

61 Item 4(a) in GN 333 in GG 39833 of 18 
Mach 2016.

62 Item 4(b) in GN 333 in GG 39833 of 18 
Mach 2016.

c) If investment in abatement 
technology/techniques cannot be 
made due to restrictions by other 
national strategic and legislative 
requirements.61

Further, offsets can be considered "during an 

application for a variation of a licence" in terms 

of section 46(1)(d) of the NEMA:AQA if the 

request will result in an increase in atmospheric 

emissions.62 An increase in atmospheric 

emissions triggers possible consideration of 

offsets to counter the increased emission levels 

and their impacts, as provided in section 

46(3)(b) of the NEMA:AQA.63 The 

implementation of offsets is recommended for 

an "application of an AEL in areas where 

NAAQS are being or likely to be exceeded, the 

so-called priority areas".64

4.1 Air Quality Offsets as a means of 

addressing household air pollution in South 

Africa’s dense, low income settlements

Several offset projects have been applied with 

a particular focus on household emissions in 

South Africa.65 However, it must be noted that 

there are no regulations for the implementation 

of AQOs.66 The conditions for the incorporation 

of offsets in an AEL are not prescriptive but 

suggestive, if not somewhat discretionary at the 

behest of the licensing authority. As a result, 

facilities are merely required to  

[p]rovide a specific and time bound 
Atmospheric Emission Off-Set Plan to 

63 Item 4(b) in GN 333 in GG 39833 of 18 
Mach 2016.

64 Item 4(c) in GN 333 in GG 39833 of 18 
Mach 2016.

65 Item 4 in GN 333 in GG 39833 of 18 Mach 
2016.

66 Langerman KE. et al. 2018 “Moving 
Households to Cleaner Energy through Air 
Quality Offsets”, Institute of Electrical and 
Electronics Engineers 5.
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reduce PM pollution in the 
ambient/receiving environment by the 
31st March 2016 and such must be 
approved by the Atmospheric 
Emission Licensing Authority.67

The Hendrina Power Station Atmospheric 

Emission Licence, for example, exemplifies the 

exercise of discretionary powers at the behest 

of the licencing authority. The licence is also 

typical in similar AELs.68

There are however six principles in the AQOGs 

that guide and inform the conceptualisation and 

functioning of AQOs.69 These principles entail 

that the AQOs must be outcome-based.

Further, the principle to offset "like for like" 

pollutants is proscribed. AQOs must be 

transparent and acceptable (to be achieved 

through public consultation processes). Also, 

AQOs must be measurable and scientifically 

robust. Further, AQOs must be implemented as 

a complimentary mechanism to the emission 

reduction regulatory tools that already exist

such as MESs. Finally, AQOs must be 

grounded in realising sustainable development 

objectives to achieve long-term air quality 

improvements.70

Air quality management is propelled by the 

need to address the negative impacts of air 

quality on human health, with the latter

67 Item 4.4 Atmospheric Emission Licence for 
Eskom Holdings SOC Limited – Hendrina 
Power Station.

68 Item 4.4 Atmospheric Emission Licence for 
Eskom Holdings SOC Limited – Hendrina 
Power Station.

69 Item 3 Gen Not in 333 GG 39833 of 18 
March 2016.

70 Item 3(a)-(f) Gen Not in 333 GG 39833 of 
18 March 2016.

71 DEAFF and Linkd Environmental Services 
Discussion Document on Environmental 
Offsets 32.

72 Item 3 (a) Gen Not in 333 GG 39833 of 18 
March 2016.

operating as a proxy for the environmental 

impact.71 Therefore, the AQOGs stress that 

AQOs are outcome-based, targeting the 

improvement of air quality in the airshed, with 

other outcomes being of secondary concern.72

There is consensus among government 

departments and the private sector alike that an

environmental impact in this case is a 

consequence to be offset. Pauw73 submits that 

an environmental impact “is an impact by way 

of the environment”. An environmental impact 

therefore has negative effects on other life 

domains such as human health, particularly in 

DLISs.74

With regards to the "no like for like" principle, it 

is however not necessary to offset like 

pollutants for like pollutants (i.e. to offset SO2 

emissions from one source with SO2 emissions 

from another source). Instead, AQOs must be

accounted for on an effect-for-effect basis. In 

other words, the equivalence of the effect is the 

basis for offsetting.75

Eskom’s household emission offset pilot study 

in the Highveld Priority area in Mpumalanga 

considered AQOs to be a pathway to improve 

ambient air quality in DLISs that are in close 

proximity to its power stations, in order to be 

able to postpone compliance with the MESs.76

73 Pauw C. 2014 “Not Any Simpler: Key 
Concepts for Air Pollution Offsetting”, 
Clean Air Journal 9

74 Pauw C. 2014 “Not Any Simpler: Key 
Concepts for Air Pollution Offsetting”, 
Clean Air Journal 9.

75 Eskom Holdings SOC Limited The 
Execution of a Household Emission Offset 
Pilot Study in the Highveld Priority Area, 
Mpumalanga 15.

76 DEAFF and Linkd Environmental Services 
Discussion Document on Environmental 
Offsets 35.
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The result expected is the attainment of a

greater improvement in ambient air quality than 

what would have been the case with emission 

retrofits.77 Some of the AQO programmes

considered under this study aimed at 

addressing domestic sources of pollution in 

DLISs include interventions to address both 

indoor air pollution and HAP. Examples of 

Eskom's indoor air quality interventions include 

alternative ignition methods, low-smoke stoves 

(such as the Kitchen King), liquefied petroleum 

gas, housing insulation and solar heat 

absorption.78 As for HAP, Eskom's 

interventions include addressing landfills, 

improved waste collection services, paving dirt

roads, and revegetating mine dumps.79

Burger and Piketh80 postulate that effective 

pollution intake is a mechanism to quantify the 

amount of the reduction of air pollution required 

for the success of an AQO. The pollution intake 

mechanism quantifies the volume of polluted air 

inhaled by dwellers who reside close to a facility 

(a polluting industry, for example) calculated 

against the amount by which the polluter must 

offset air pollution emissions in a particular 

area.81 In this context Garland et al.82 propose 

a metric approach that first requires the 

establishment of the outcome for which the 

77 Eskom Holdings SOC Limited The 
Execution of a Household Emission Offset 
Pilot Study in the Highveld Priority Area, 
Mpumalanga 70.

78 Eskom Holdings SOC Limited The 
Execution of a Household Emission Offset 
Pilot Study in the Highveld Priority Area, 
Mpumalanga 201.

79 Matimolane Eskom Air Quality Offset 
Programme: Programme Report March 
2017 9.

80 Burger and Piketh "A national assessment 
of air pollution priorities in South Africa" 9-
10.

81 Burger and Piketh "A national assessment 
of air pollution priorities in South Africa" 18.

accounting is designed (such as improved 

ambient air quality, for example) followed by 

defining the project activities (pre- and post-

intervention activities). Thereafter, a baseline 

scenario should be defined and an account of 

baseline impacts provided.83 Similarly, there is 

a need to describe the project scenario (post 

implementation) and to quantify its impacts.84

The impact of the intervention is the difference

calculated for the baseline and project 

scenarios.85

Ballard-Tremeer and Mathee contend that 

offsets must conduce significant improvements 

in the household environment to create 

developments in a wide range of areas with the 

aim of improving health and well-being.86 They 

recommend a framework for evaluating

interventions from technical, economic and 

social perspectives. The crux of their argument 

is that the degree of emission reduction should 

be only one of several perspectives to 

consider.87 Von Schirnding et al. echo these

sentiments and submit that health impact 

assessments could improve the understanding 

of the true impact, cost effectiveness and long-

term sustainability of different types of 

82 Garland et al. "Estimating air pollution 
impacts from offsetting projects" 6.

83 Garland et al. "Estimating air pollution 
impacts from offsetting projects" 6.

84 Garland et al. "Estimating air pollution 
impacts from offsetting projects" 6-7.

85 Garland et al. "Estimating air pollution 
impacts from offsetting projects" 7.

86 Ballard-Tremeer and Mathee 2000 
http://hedon.info/docs/indoor_air_pollution
_interventions.pdf.

87 Ballard-Tremeer and Mathee 2000 
http://hedon.info/docs/indoorair 
pollution_interventions.pdf.
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interventions and provide a more holistic 

approach to aid decision making.88

The poor state of air quality in DLISs due to 

urban-industrial pollution could be improved by

the deployment of AQOs. However, sufficient 

regulation and the robust quantification of offset 

pollutants in relation to the impacts of air 

pollution on health are necessary mechanisms 

in addressing HAP in these communities.

5 Conclusion

The debate about the efficacy of Air Quality 

Offsets in DLISs should inter alia be directed 

towards yielding health benefits for people with 

low socio-economic standing. Offsets should 

not create a leeway for polluters to avoid 

compliance with core regulations that set 

Minimum Emission Standards (MES). Allowing 

such deviation might arguably lead to 

contravention of the Constitution, the NEMA 

and the NEM:AQA - the legal framework for air 

quality management. As things stand, this 

appears to be the case. There is no clarity as to

whether offsets are intended as remedies or 

penalties for polluters who fail to comply with 

MESs. In some instances, offsets are 

implemented in retrospect with a remedial twist. 

Also, there is no clarity about the criteria for the 

incorporation of offsets into AELs in the light of 

AELs postponements, applications for 

variations, when activities in Priority Areas 

should receive AELs, or whether these 

applications should be granted at all.89

88 Von Schirnding Y. et al. 2002 “International 
Environmental Law and Global Public 
Health” WHO 31.

89 Centre for Environmental Rights 2015 
ttps://cer.org.za/wp-
content/uploads/2016/08/Offsets-AQ-
Gdlne-CER-27-July-2015_final.pdf.

It is unseemly to ratify the use of environmental 

offsets when projects are envisaged to have 

significant impacts on “critical assets” such as 

environments which are sensitive to 

emissions.90 Arguably, AQOs should not be 

permitted in priority areas and should not be 

used as conditions attached to the granting of

authorisation to postpone compliance with 

MESs or attached to the authorisation of an 

AEL variation application which would result in 

increased emissions in contravention of the 

MESs or the contravention of ambient air 

quality standards.91

The current application of AQOs which inverts 

the mitigation hierarchy must not be condoned 

in the name of AQOs. In the mitigation 

hierarchy, the engagement in AQOs is a

mitigation action of last resort, after actions to 

avoid, minimise and remedy the effects of 

pollution have been thoroughly exhausted.92 In 

light of this contention, it can therefore be 

argued that AQOs must not be implemented as 

a substitute for compliance with the MESs. 

Instead, from the very start, AQOs must be 

factored into Environmental Authorisations and 

the EIA process, for listed activities as 

contemplated in section 21 of the NEM:AQA. In 

this regard, AQOs will be considered only after 

the polluting industry has complied with MESs. 

AQOs may also be considered even after an 

AEL has already been issued for a listed activity 

without first considering the desirability of an 

AQO in the EIA stage. In this instance an AQO 

can be considered after the fact. Although the 

90 Australian EPA 2006 14.
91 Centre for Environmental Rights 2015 

ttps://cer.org.za/wp-
content/uploads/2016/08/Offsets-AQ-
Gdlne-CER-27-July-2015_final.pdf.

92 Section 2(4)(a)(iii) and section 28 of the 
NEMA.- 65 -



current application of AQOs is inconsistent with 

South Africa's mitigation hierarchy, given a 

reformulation of this application, AQOs have 

the potential of truly being the "missing link" in 

the array of instruments aimed at achieving 

sustainable development. Viewed in this way, 

AQOs stand to offer a viable avenue to 

significantly reduce exposure to toxic levels of 

air pollution in DLISs. 

Compliance with and the enforcement of 

environmental legislation are presently scant.93

Air quality licensing authorities are playing fast 

and loose with the regulation of polluting 

industries’ activities, especially the intensive

fossil fuel energy industry. This has led to 

polluting industries electing to operate by rules 

that are more conducive to profit. This has cost 

lives in DLISs Before the government considers

AQOs it should first demonstrate its ability to 

enforce the existing regulatory tools. Thereafter

it could make use of AQOs. In adopting AQOs, 

the government could learn lessons from 

Australia, which has shown that the 

implementation of offsets without regulation 

and commitment will result only in a net loss of 

environmental assets and values – the opposite

of the desired effect of environmental offsets. 

Therefore, it is imperative to ensure that 

environmental offset-related programmes and 

projects are robustly enforced to ensure that 

they contribute to successful, long-term 

environmental outcomes.94

* This work is based on research conducted 
with the financial support of the National 
Research Foundation of South Africa (NRF) 

93 Rumble, Gilder, Kornelius, Burger and 
Liebenberg “Air Quality” in Fuggle and 

(Grant No. 119602).  All viewpoints and errors 
are the author's own.
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A Comparison of the Influence of Different Conditioning Agents on South African 
Fly Ash Resistivity 

 

Gregory N. Okolo, Jandri A. Ribberink, Jané Schroeder,  
Dawie J. Branken* and Hein W.J.P. Neomagus 

Eskom Power Plant Engineering Institute (EPPEI) Specialisation Centre for Emission Control, Centre of Excellence in 
Carbon-based Fuels, School of Chemical and Minerals Engineering, North-West University, Private Bag X6001, 

Potchefstroom, 2520, South Africa. 
*dawie.branken@nwu.ac.za  

Increasingly stringent minimum emissions standards as dictated by the National 
Environmental Management: Ambient Air Quality Act (Act no. 39 of 2004), necessitates 
performance improvements of current particulate matter (PM) emissions abatement 
technologies at South African coal-fired power stations. Electrostatic precipitators 
(ESPs) are still being used at many of the South African coal-fired power stations, and 
one important characteristic that determines the efficiency of ESPs is the resistivity of 
the fly ash. One factor, which influences the resistivity of the fly ash, is its chemical 
composition, which can be controlled by the introduction of conditioning agents such as 
brine injection into the flue gas upstream of the ESP. Other conditioning methods include 
moisture, sulphur trioxide (SO3). 
In this study, the effect of these different conditioning methods on the resistivity of fly ash 
sampled at South African power stations were studied. Some ashes were treated with a 
synthetic brine solution of which the composition was similar of that found at a coal-fired 
power station. Additionally, the ambient moisture concentration was varied to 
characterise the combined effect of moisture and brine conditioning on the fly ash 
resistivity as a function of temperature. This was done to compare the individual and 
synergistic effect of these two conditioning agents on the fly ash resistivity, since 
moisture is also introduced into the flue gas during brine injection. 
Although SO3 conditioning is already practiced at some South African power stations, 
the effect of this conditioning agent under varying levels of moisture and for varying ash 
composition are not well documented in the literature. Therefore, quantifying the effect 
of this and other conditioning agents on fly ash resistivity can aid in identifying power 
stations where flue gas conditioning would be most beneficial, and which conditioning 
method would be the most cost-efficient. 

Keywords: Particulate matter, coal ash, flue gas conditioning, ambient moisture, SO3, brine, resistivity 

 
1 Introduction 

In 2015, the global demand for primary 
energy consumption reached a staggering 9558 
Mtoe (IEA, 2016). South Africa operates a very 
energy intensive economy, and over the past 
two decades, the energy demand in the form of 
electricity in the country has exceeded 45 GW 
(Van Wyk, 2015). The state power utility, 
Eskom, as the largest producer of electricity in 
South Africa relies heavily on relatively cheap 
coal as primary energy source due to the vast 
coal deposits available in South Africa. In the 
2013/14 fiscal year, Eskom consumed 

approximately 122 Mt of coal in its operation 
(Eskom, 2014). Combustion of coal is still one 
of the most cost-effective means of generating 
electricity, but is increasingly under pressure as 
a primary energy source due to the 
environmental implications of its use, not least 
of which is the climate change forcing potential.  

Of the different pollutants produced during 
coal combustion, fly ash is a notable concern 
especially in a South African context. Fly ash, 
also known as, is a coal combustion product 
composed of fine particles that are entrained in 
the flue gas originating from the boiler (ASTM 
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C618 - 17a, 2017; Page et al., 1979). Fly ash is 
composed mainly of minerals and usually 
possesses high concentrations of aluminium 
and silica compounds, as well as small 
concentrations of rare earth elements (Eskom, 
2017; Hower et al., 2017; Hulett et al., 1980; 
Page et al., 1979; Singh et al., 2016). About 
85% of the ash produced from pulverised coal-
fired power plants is fly ash, since coal is 
pulverised into a fine powder before being fed 
to the boiler (Eskom, 2017). 

The majority of fly ash is commonly trapped 
prior to being released into the atmosphere and 
disposed of in ash dumps. Particulate matter 
emission refers to the residual ash particles that 
are emitted into the atmosphere from a 
generation facilities’ flue gas stack after 
cleaning. According to the World Health 
Organisation (WHO), human health 
implications due to particulate matter (PM) 
pollution, specifically PM with an aerodynamic 
diameter of 10 µm or smaller, have been a 
cause of concern for many years, affecting 
respiratory health (WHO, 2013). To reduce the 
impact of PM emissions on the environment and 
human health, legislation has been enacted to 
govern PM emissions from power stations and 
other industrial facilities worldwide. In South 
Africa, this legislation is enforced by the 
Department of Environmental Affairs. In 2010, a 
new minimum emissions standard for PM 
emissions at existing and new power stations 
were promulgated, which called for the 
reduction of point source PM emissions to 100 
mg/Nm3 by 2015 and to 50 mg/Nm3 by 2020 at 
all operating power stations (National Gazette: 
National Environmental Management, 2010). 
Eskom has since applied for postponement in 
complying with the emission limits and has set 
an emission reduction plan in place to improve 
its PM emission reduction technologies on the 
power stations that currently do not comply. 

The two most widely used PM emissions 
abatement technologies are electrostatic 
precipitators (ESPs) and fabric filter plants 
(FFPs) (Speight, 2013, Soud & Mitchell, 1997). 
ESPs require regular adjustments to plate 
spacing and replacement of damaged 
discharge electrodes, whereas FFPs require 
fabric filter bag replacement on a regular basis 
(Bosch & Buttle, 1993; Nalbandian, 2006). 
However, FFPs have proven to be more 
efficient at collecting fly ash (Speight, 2013) 
since ESPs can yield collection efficiencies in 
excess of 99.5%; while fabric filter plants can 
achieve collection efficiencies as high as 99.9% 
(Klingspor & Vernon, 1988). Retrofitting all 
Eskom’s current ESPs to FFPs will have 
significant cost implications, and therefore a 
more cost-effective option is to adjust ESP 
design and operating parameters to improve 
collection efficiencies such that the minimum 
emissions standard for PM emissions are met. 

   
One of the key parameters that significantly 

affects the collection efficiency of ESPs are the 
electrical resistivity of the fly ash (Bickelhaupt, 
1975).  The electrical resistivity of fly ash is 
influenced by a number of factors, where the 
chemical composition and physical properties 
of the original coal, the method and parameters 
to which the coal was pulverized before 
combustion, the method and conditions of the 
combustion process and flue gas conditions are 
the most important ones (Xu et al., 2014; 
Jędrusik & Świerczok, 2009). While ash 
resistivity is a dominant parameter governing 
the ash collection efficiency, ESPs can still 
operate over a wide range of resistivity values.  
Nonetheless, the optimal performance of ESP 
units are typically observed when the fly ash 
resistivity is between 1010 and 1011 Ω cm as 
shown in Table 1. 

Table1: ESP performance vs. resistivity (Chandra, 2008)  

Resistivity ranges Classification ESP performance 

10
4
 – 10

8
 Ω cm Conductive dust or ash Low Collection Efficiency 

10
8
 – 10

10
 Ω cm Normal Resistivity Moderate Collection Efficiency 

10
10

 – 10
11

 Ω cm Moderate Resistivity High Collection Efficiency 

10
11

 – 10
13

 Ω cm High Resistivity Low Collection Efficiency 
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The resistivity of fly ash can be subdivided 
into two distinct areas known as surface 
resistivity and volume resistivity (Bickelhaupt, 
1975, White, 1974), with the dominant effect 
being determined largely by the temperature of 
the ash. Bickelhaupt (1975) demonstrated that 
at temperatures between 250 and 450 °C, 
volume resistivity is the dominant mechanism; 
while at temperatures below 150 °C, electron 
transfer due to surface resistivity, is more 
significant.   Volume resistivity is predominantly 
dependent on the properties of the material, 
while surface resistivity is dependent on the 
adsorption of physical or chemical species on 
the surface of the ash particle (Bickelhaupt, 
1975).  Published data on the resistivity analysis 
of South African coal-fired power station fly 
ashes are quite limited. Van Wyk (2015) 
reported a peak resistivity of 1×1012 Ω cm at 150 
°C for an ash sample obtained from a South 
African coal-fired power plant, tested at 9 vol.% 
ambient moisture concentration, which is 
considered too high for effective ESP 
performance (Chandra, 2008).  Resistivity 
testing has also been conducted on an 
undisclosed ash sample from the Eskom fleet, 
at temperatures ranging from 95 to 215 °C by 
Chauke and Gouws (2013) who  reported a 
peak resistivity of approximately 1×1014 Ω cm at 
95 °C under dry conditions, which decreased by 
2 to 3 orders of magnitude as the ambient 
moisture concentration increased between 7 – 
10 vol.%. It was concluded that the reduction in 
resistivity is due to a coating of moisture on the 
surface of the ash particle, creating a path for 
the corona current to leak to ground. 

In addition to moisture, other chemical 
compounds can also be used to modify the 
resistivity of the fly ash to improve ESP 
performance (Ross, 1972; Parker, 1997). The 
process of adding chemical species to the flue 
gas in which the fly ash particles are suspended 
is broadly known as flue gas conditioning 
(FGC).  This approach offers reduced capital 
cost compared to other ESP modifications, 
while still delivering an effective reduction in 
emission levels.  FGC is also considered more 
flexible, as it can enable effective operation over 
a wide range of boiler loads, ESP voltages and 
coal types (Shanthakumar et al., 2008a). 

  Chemical compounds that are generally 
used for flue gas conditioning are sulphur 
trioxide, sulphuric acid, ammonium sulphate, 
ammonium bisulphate, sulphamic acid and 

ammonia (Ray, 2004).  Since the moisture 
concentration of the flue gas also influences ash 
resistivity as discussed above, either steam or 
water can be injected into the flue gas stream in 
to effect an increase the collection efficiency 
(Shanthakumar et al., 2008b). These 
substances are specifically chosen to perform 
one of three tasks namely: to modify the surface 
of the fly ash (whereby the surface resistivity is 
decreased); to increase the inter-electrode 
space charge; and to increase dust cohesion, 
i.e. minimizing re-entrainment during rapping 
(Shanthakumar et al., 2008b).   

The injection of steam or atomized water into 
the flue gas steam is the most simplistic and 
inexpensive FGC method.  The injection of 
moisture reduces the temperature and 
increases the relative humidity of the flue gas.  
In addition to improving the surface conductivity 
of fly ash particles (reducing the surface 
resistivity), the slight reduction in temperature 
reduces the volume resistivity due to the 
temperature dependency thereof.    The 
reduction in both the surface and volume 
resistivity leads to increased collection 
efficiencies without significant gas volume or 
temperature changes.   

Despite the simplicity of moisture injection, 
sulphur trioxide (SO3) conditioning is the most 
commonly used type of flue gas conditioning, as 
it enables  the reduction of the resistivity of high 
resistivity fly ashes when present in the flue gas 
at only ppm-level concentrations 
(Shanthakumar et al., 2008b).  SO3 is injected 
into the flue gas stream and proceeds to react 
with the moisture present in the flue gas, 
forming sulphuric acid.  The resultant sulphuric 
acid is then absorbed on the surface of the fly 
ash particles, forming a thin conductive layer on 
the surface that can facilitate the transfer of 
electrons (Shanthakumar et al., 2008a).  An 
important consideration with SO3 conditioning is 
the acid dew point, as an insufficient flue gas 
temperature can cause appreciable acid 
condensation on the ESP ducting and 
equipment leading to severe corrosion 
(Shanthakumar et al., 2008a). 

Lastly, sodium and other alkali earth species 
such as lithium are the principle charge carriers 
in ash and can aid in the transfer of electrons 
making sodium injection a viable conditioning 
method. Unlike water injection, sodium 
conditioning does not require any chemical to 
be injected into the flue gas but rather the 
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addition of sodium, either sodium carbonate or 
sodium sulphate, to the coal before milling 
(Shanthakumar et al., 2008b). The addition of 
sodium to the coal alters the morphological 
characteristics of the fly ash, and increases the 
amount of sodium ions available for electron 
transfer (Gooch et al., 1981).   Alternatively, it is 
theorised that brine that originates from the 
water treatment plant can be used as an 
effective conditioning agent when injected into 
the flue gas stream prior to the ESPs (Mbugua, 
et al., 2014). This combines the injection of 
moisture with the addition of ionic species that 
may be absorbed on the surface of the ash 
particles, thereby lowering the resistivity.  

Effectively applying either of the 
aforementioned flue gas conditioning methods 
requires that the functional relationship 
between the fly ash resistivity and its 
composition, the temperature, and the 
conditioning agent concentration be quantified. 
Prior knowledge of such relationships would 
allow the optimum conditioning agent 
concentration that is needed to improve ESP 
performance without negatively affecting the 
process to be determined. Therefore, the effect 
of each of the aforementioned conditioning 
agents on the resistivity of fly ash sampled at 
South African coal-fired power stations are 
quantified and discussed in this paper. 

2 Experimental 
2.1 Sample preparation 

Three ashes, derived from conventional 
pulverised fuel coal-fired power plants, were 
selected for analysis and characterization.  The 
ash selection process was based on the current 
collection method of the power stations, where 
only power stations utilizing electrostatic 
precipitators were considered.  The three coal 
fly ashes were code-named PS A, PS B, and 
PS C. PS A was selected for its low ash 
resistivity; PS B was selected for its high 
resistivity; and PS C for its medium to high 
resistivity (Patel & Swart, 2014, Van Wyk, 
2015). 

The ash samples were collected directly from 
the power stations to ensure industrially 
representative conditions. Between 350 and 
460 kg of fly ash was collected from each power 
station, with each ash sample stored in two 
sealed 220 litre plastic drums.  Both power 
stations A and B, have Ash Resources 
divisions, South Africa’s largest supplier of fly 

ash products, which facilitated ash collection 
(Ash Resources, 2017).  For PS A and PS B fly 
ash is routed from below the ESP bunkers to 
their respective Ash Resources facility, where 
the ash samples were subsequently collected.  
Fly ash from PS C was collected from the ESP 
ash hopper conveyors, upstream of the ash 
dumps. 

The selected ash samples were cone and 
quartered to 10 kg, to be used for testing, 
characterization and archiving.  Further splitting 
of the 10 kg ash sample was done using an 
SMC rotary splitter set at 14 rpm to limit the 
amount of dust produced.  Representative 
samples from the rotary splitter were used for 
resistivity measurements, particle size 
distribution (PSD), X-Ray Diffraction (XRD), X-
Ray Florescence (XRF), QEMSCAN and 
archiving. The ash sample used for resistivity 
testing was further split, using a rotary splitter, 
to acquire individual samples of ±50 grams 
each, and stored in sealed bags. 

2.2 Sample characterisation 
The particle size distribution (PSD) of the coal 

ashes was determined using a Malvern 
Mastersizer 2000 at the NWU, Potchefstroom 
Campus, according to ISO 13320, 2009. X-ray 
florescence (XRF) analysis of the fly ash 
samples was conducted at the Bureau Veritas 
Testing and Inspection, Pretoria, following 
ASTM D4326 method. X-ray diffraction (XRD) 
measurements and quantification was carried 
out by the Geology Department of the NWU, 
Potchefstroom Campus on a PANalytical X’Pert 
Pro diffractometer system, and the Rietveld-
based X’Pert Pro Highscore Plus software was 
used to identify and quantify the crystalline 
phases and amorphous content of the ash 
sample. 

 
 
2.3  Brine conditioning of fly ash 

About 100 g of fly ash sample was immersed 
in a synthetic, representative brine solution in a 
1000 ml glass beaker and then stirred for 30 
minutes. The effective volume to ash volume 
ratio used was 5:2. The mixture was then 
filtered using a Büchner funnel after which the 
ash was air dried before being dried further 
overnight in a vacuum oven at a temperature of 
50 ℃. 
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2.4  Flue gas conditioning 
The moisture conditioning of the flue gas was 

achieved by using a humidifier to deliver 
moisture concentration between 4.6 – 10 vol.% 
as part of the air stream. Prior to resistivity 
analysis, the primary and secondary humidifiers 
are filled to the 1 litre mark. With the airflow 
initiated, the humidifier system is given a 
minimum of 2 hours’ time to stabilize.  Once the 
systems in providing constant humidity levels, 
the gas flow rate is measured using a bubble 
flow meter. A PVC column filled with silica was 
used to determine the moisture concentration of 
the airflow. 

SO3 conditioning was achieved by bubbling 
N2 gas through fuming sulphuric acid (oleum), 
while the acid dew point was calculated to 
ensure that the lowest temperature at which 
measurement was taken was not below the acid 
dew point as condensation in the oven will 
influence the testing results. The dew point was 
calculated through the Verhoff and Banchero 
equation (Verhoff & Banchero, 1974), for a 10 
ppm SO3 concentration and at 6.1 vol.% of 
moisture, a dew point temperature of 134.4 °C 
was obtained. A baseline resistivity 
measurement was taken for each of the 
samples in the oven by following the procedure 
in the ascending test description for a single 
measurement point. The airflow was controlled 
using a rotameter such that the SO3 
concentration was set to the required injection 
concentration. The nitrogen and SO3 supply 
were opened simultaneously and allowed to join 
the main airflow and enter the resistivity oven. 
After approximately 45 minutes, the SO3 
concentration was tested to ensure that the 
correct amount of SO3 was being injected prior 
to any measurements being made. 
Measurements were then taken at each of the 
desired temperatures. The temperature in the 
oven was decreased once the resistivity’s 
relative present difference between two 
consecutive tests was less than 30 % in a 
twenty-four-hour period, as the ash was 
considered conditioned and the test completed 
for that said temperature. This was repeated for 
each individual temperature. 

2.5  Resistivity measurement 
The resistivity of the ash sample was 

measured in a resistivity oven, which consists 
of an oven with adequate temperature and 
environmental control. The resistivity oven was 

constructed according to IEEE standard 548 of 
1984 (IEEE, 1984), and equipped with a glass 
dome (environmental chamber) in which the 
samples are housed, and which facilitates the 
control of the experiments’ environmental 
composition and conditions. The environmental 
chamber is supplied with a continuous flow of 
air, and conditioning agents (moisture and 
SO3). After loading the samples into the 
chamber, the glass dome was put in place and 
the environmental chamber was adequately 
purged with nitrogen during temperature 
equilibration for about 12 hr, before injecting 
pre-determined amount of moisture and SO3 in 
a continuous flow of air. The whole setup is 
allowed to equilibrate at the resistivity 
measurement temperature for about three hrs 
before resistivity measurements were taken. 
The resistivity of the ash was calculated using 
Equation 1: 

 𝜌𝜌 = 𝑉𝑉
𝐼𝐼

. 𝐴𝐴
𝐿𝐿
                                             (1) 

where: ρ, is the resistivity (Ω·cm); V, is the 
applied voltage (V); I, is the measured current 
(A); L, is the ash layer thickness (cm); and A, is 
the electrode face area (cm2). 

3 Results and discussion 
3.1 Sample characterisation 

PSD of ash samples 
The particle size distributions of the coal 

ashes are shown in Figure 1.   
 

 

Figure 1: Fly ash particle size distribution 

Ash sample PS B and PS C showed similar 
distributions, peaking at a particle size of ±90 
μm.  PS A showed a different trend with a higher 
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percentage of particles in the 1.3 – 6.3 μm 
range and a slight reduction in the percentage 
of particles in the 12 μm – 100 μm range, 
peaking at a particle size of ±100 μm. 

XRF spectroscopy results of the ashes 
The normalised XRF results for the three 

ashes are shown in Table 2. 

Table 2: Normalised XRF results of coal ash 
samples on a LOI-free basis (wt.%) 

Sample PS A PS B PS C 
Al2O3 30.4 27.2 29.0 
CaO 4.3 3.4 5.4 
Fe2O3 3.6 6.5 5.5 
K2O 0.7 0.8 0.7 
MgO 1.0 1.0 1.3 
MnO <0.01 0.1 0.1 
Na2O 0.4 <0.1 0.1 
P2O5 0.3 0.4 0.4 
SiO2 57.2 58.5 55.3 
TiO2 1.5 1.3 1.6 
SO3 0.3 0.5 0.4 

 
The most abundant species in all three ashes 

were alumina and silica. Some variations were 
also present when considering the minor 
elements, most notably variations in the sodium 
concentration of PS B and PS C. 

Mineralogical analysis 

The normalised XRD results of the ash 
samples are shown in Table 3. The XRD 
analysis data of the fly ash showed that Quartz 
and Mullite were the two most abundant 
minerals.  Quartz is considered the primary 
constituent of fly ash and commonly found as 
pore and cell infilling in the organic matter of 
coal (Eze et al., 2013, Ward, 2002).  Mullite is 
the second most abundant constituent of fly ash 
and is believed to be formed from kaolinite by 
thermal decomposition.  Lime is also present in 
small quantities in all three ash samples having 
been formed by the decomposition of calcite or 
dolomite (Eze et al., 2013). Temperatures 
inside conventional PF furnaces exceed 1200 
°C, suggesting that minerals such as kaolinite, 
calcite and dolomite have undergone thermal 
decomposition (Speight, 2013).  Large amounts 
of glassy or amorphous components are also 
present in the fly ash sample.  These 
amorphous components are most likely formed 

during the combustion process where various 
components may melt and fuse, only partially 
crystalizing upon cooling (Matjie et al., 2011). 

Table 3: Normalised XRD results of coal ash 
samples with amorphous content (wt.%) 

Mineral PS A  PS B PS C 
Mullite 29.7 28.6 27.9 
Quartz 12.6 12.9 14.3 
Silimanite 11.8 4.7 2.2 
Hematite 0.7 5.0 3.7 
Rutile 0.1 0.1 ND 
Anatase 0.1 ND ND 
Anorthite 1.5 0.7 0.9 
Cristobalite 0.1 0.1 0.1 
Lime 0.2 0.2 0.4 
Magnetite 0.4 0 0.7 
Amorphous 
content 

42.8 47.6 49.9 

ND- not detected 

3.2 Resistivity measurements 
Moisture conditioning 

The resistivity measurements of the sampled 
ashes, under dry ambient conditions, as well as 
under humid conditions moisture conditioning in 
the ascending temperature measurement 
stage, is presented in Figure 2.  

 

Figure 2: Resistivity as a function of 
temperature and ambient moisture conditions 

Under dry ambient condition, ash sample PS 
A showed the lowest resistivity over the majority 
of the temperature range, while ash sample PS 
B showed the highest resistivity in the low 
temperature or surface resistivity region.  PS B 
and PS C showed similar resistivity values in 
the volume resistivity or high temperature 
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range. The relatively low resistivity shown by PS 
A can be attributed to the higher amount of 
sodium found in the ash, as shown in Table 2. 
Sodium is a known resistivity-reducing species, 
facilitating the transfer of electrons through the 
ash layer, thereby, reducing the resistivity 
(Bickelhaupt, 1975; Qi and Yaun, 2013). 

When the local ambient atmosphere was 
conditioned with moisture, a decrease in 
resistivity was observed at temperatures below 
200 °C for all three ashes as shown in Figure 2. 
The decrease in resistivity was more significant 
with increasing ambient moisture concentration. 
As the temperature increased, the effect of 
moisture became less pronounced, becoming 
insignificant at temperatures above 250 °C, 
where the resistivity values approached those 
of dry conditions. Thus, with the introduction of 
moisture, the resistivity tends to decline in the 
surface resistivity region, 90 to 180 °C. The 
reduction in surface resistivity is generally 
attributed to the formation of a thin, conducting 
moisture layer along the surface of the particle, 
accelerating the transfer of electrons 
(Shanthakumar et al., 2008a). 

SO3 conditioning 

 

Figure 3: Influence of SO3 flue gas conditioning 
on the resistivity of the ashes 

The resistivity of the PS A ash sample was 
observed  to decrease significantly, up to 160 
°C when the SO3 was injected into the local 
measurement environment to a concentration 
of 10 ppm as presented in Figure 3. Ash sample 
PS A reacted well with the conditioning agent, 
with its resistivity being significantly reduced 
with the introduction of SO3.  

However, the PS B ash sample’s resistivity 
did not change significantly with the added 10 
ppm SO3 at 160 and 175 °C. At the lowest 
temperatures, however, the resistivity of the 
sample was reduced by at least one order 
magnitude. It is therefore apparent that ash 
sample PS B seemed to be less sensitive 
towards SO3 conditioning. At higher 
temperatures, in the volume resistivity region, 
the influence of SO3 conditioning on both of the 
ash samples were insigificant. 

Brine conditioning  

 

Figure 4: Influence of brine conditioning of 
the ashes on the on its resistivity 

The influence of brine conditioning on the 
resistivity of the PS A and PS B ash samples 
are shown in Figure 4. It can be seen from 
Figure 4 that all the ash samples reacted well to 
the brine conditioning with a very significant 
decrease in resistivity over the majority of the 
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temperature ranges. This can be attributed to 
the increased sodium content in the ash 
resulting from the prior brine conditioning. 

4 Conclusion 
In conclusion, it was shown in this paper that 

the chemical composition of the fly ash 
significantly affects the resistivity of the ash. 
The resistivity analysis of the sampled ashes 
showed a linear relationship between the log of 
resistivity and temperature under dry ambient 
conditions, and when moisture was introduced, 
the resistivity as a function of temperature 
showed the expected behaviour, with resistivity 
decreasing at temperatures below 200 °C. At 
temperature above 200 °C, the effect of 
moisture became negligible, with resistivity 
values approaching those of dry ambient 
conditions. At 150 °C and 9.0 vol.% ambient 
moisture the resistivity of the ash samples 
showed a reduction of 89 to 95% when 
compared to dry samples’ resistivities. Further, 
Resistivity of the ashes decreased significantly 
with SO3 conditioning, and this decrease was 
more significant for the PS A ash than for and 
the PS B ash. This indicates that the 
mineralogical composition of the ashes 
determines the extent to which the resistivity is 
affected by SO3 conditioning. Finally, the 
resistivity of the brine-conditioned ashes also 
decreased significantly, but over a wider 
temperature range than the SO3-conditioned 
ash samples. This is due to the increase in 
sodium contents of the ashes resulting from the 
adsorption of sodium during brine-conditioning 
of the ashes. 
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Mine waste materials, stored in tailings facilities, can result in fugitive dust when 
exposed to aerodynamic forces. Due to this significant risk, and associated health and 
environmental hazards, mines have to comply with specific legislation. Different 
approaches for the prediction, monitoring and mitigation of dust in the atmosphere can 
be implemented to assist mines in preventing dustfall exceedances. This study 
evaluated the change in the dust risk profile for a platinum tailing storage facility (TSF) 
with the construction of another TSF alongside it to form a complex. The combination 
of model outputs was used to derive target areas for dust suppression and delineating 
dust risk zones to stratify the most appropriate management actions. Different 
scenarios were tested and evaluated. Each scenario represented a sequential tailings 
deposition phase with the new TSF at different heights. The model outputs from each 
scenario were compared to assess the changes in dustfall that will occur through 
deposition. For each scenario, three models were combined. The Single-event Wind 
Erosion Estimation Program (SWEEP) was used to derive emission factors, Airflow 
modelling was used to determine the areas with high shear stress and AERMOD was 
used to predict the dispersion of fugitive tailings particles (PM10) into the air. The results 
show a significant difference in the daily average dust fallout for each scenario. The 
combination of the outputs for these scenarios gives one the ability to assist mines with 
targeted, effective and affordable solutions that fit the dust risk profile.  
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1. Introduction 

1.1 Background  

Fugitive dust from mining can be caused by 
numerous sources such as roadways, re-mining 
sites, material handling, stockpiles and tailings 
(Sanderson et al. 2014, Csavina et al. 2014). 
Tailing storage facilities (TSFs) can briefly be 
described as mine waste dumps. The waste 
material on these dumps consists of very fine, often 
hazardous particles with a high environmental and 
health risk (Csavina et al. 2012). Previous studies 
state that there is a particular need to understand 
the fate and transport of particulate matter from 
mining operations (Ghose and Majee. 2001, Zhang 
et al. 2018). Dust from TSFs is influenced by a 
variety of factors that include climatic conditions, 
vegetation cover and soil characteristics. Mines, 
among other air pollution sources around the world, 
are obligated to monitor their emissions and limit 
the amount of dust particles driven into the 
atmosphere. Considering weather conditions, 
source topography and location, among many other 
facets, fugitive dust sources can be very unique, 

resulting in difficulties with regards to monitoring 
and managing dust.  

The present study was done on a platinum TSF in 
the Limpopo province in South Africa. The facility 
currently covers an area of 60 ha. The aim of the 
study is to determine how the dust risk will change 
when another TSF is constructed alongside and 
extends the facility to an area of 140 ha.  A tailored 
approach was developed by combining site-specific 
emission factors, 3D shear modelling and air 
dispersion modelling. The study refers to the 
different areas on a TSF as shown in Figure 1.  

 
Figure 1: The different zones of a TSF. 
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Legislation plays an important role in managing 
dust. The study focussed on PM10 emissions from 
wind-blown dust. The Annual Average PM10 

concentration according to the National Ambient Air 

Quality Standards is 40 μg/m3 with no exceedances 

allowed. The Daily PM10 limit is 75 μg/m3 with four 
exceedances allowed (NAAQS, 2009). 

2. Methodology 

The approach was applied on five scenarios. The 
scenarios each illustrates sequential construction 
phases for the new TSF. The “current scenario” 
represents the status-quo where the current TSF is 
half-vegetated. Scenario 1 represents a situation 
where the current TSF is fully vegetated and the 
footprint for the new TSF is initiated. It is assumed 
when the deposition for the new TSF starts in 
scenario 1 the beach area on the current TSF was 
assumed to be already mitigated by being fully 
vegetated. Scenario 2 represents the current TSF is 
fully vegetated and the new TSF constructed to half 
its height and vegetated on the lower slopes. 
Scenario 3 represents the current TSF fully 
vegetated and the new TSF at its final height and 
vegetated on the lower half of the slopes. Scenario 
4 represents both the current TSF and the new TSF 
fully vegetated. These five scenarios are illustrated 
in Figure 2.   

 
Figure 2: Illustration of the scenarios. 

Each scenario was evaluated by calculating its 
emission factor, determining the high shear zones 
for the facility and modelling the dispersion of PM10 
emissions liberated into the atmosphere.  

2.1 Weather conditions 

In order to have accurate results it is important to 
investigate and understand the typical weather 
conditions at the study area. Due to the complexity 
of atmospheric conditions it can be difficult to model 
and predict the movement of particles in the 
atmosphere.  

Transport and dispersion of air pollutants, are 
influenced by a number of meteorological factors. 
The most important of these meteorological factors 
include wind speed, wind direction, temperature 
(which is linked to atmospheric stability) and 
precipitation (Cora and Yung-Tse Hung, 2003). 
Wind speed play three important roles in the 
dispersion of pollutants. Firstly, pollutant emissions 
are diluted by a factor proportional to the wind 
speed past the source. Secondly, mechanical 
turbulence, which increases mixing and dilution, is 
created by the wind. Finally, a buoyant source (hot 
or cold) is likely to ‘bend over’ more at higher wind 
speeds, keeping it closer to its release height 
(Tiwary and Colls, 2010). Erosion due to wind is 
one of the largest sources of airborne particles and 
could lead to major effects on the biosphere 
(Csavina et al. 2012). Wind direction is important, 
as the surface area exposed to air pollution will 
always lie downwind from the particular source 
(Tiwary and Colls, 2010). Precipitation acts as an 
atmospheric cleansing mechanism by removing 
pollutants. Precipitation also inhibits dust 
generation potentials by increasing the cohesion 
potential between particles (Lodder, et al., 2016).  

2.2 Emission factors 

According to the United States Environmental 
Protection Agency (US EPA, 2014), an emission 
factor is a representative value that attempts to 
relate the quantity of a pollutant released into the 
atmosphere with an activity associated with the 
release of that pollutant. These factors are usually 
expressed as the weight of pollutant divided by a 
unit weight, volume, distance, or duration of the 
activity emitting the pollutant. In most cases, these 
factors are simply averages of all available data of 
acceptable quality and are generally assumed to be 
representative of long-term averages for all facilities 
in the source category (i.e., a population average). 
Dust is a major source of measured PM emissions 
(Jung, et al. 2019, Cui, et al. 2019, Khuluse-
Makhanya, et al. 2017). Therefore, PM10 were 
studied to give an indication of the environmental 
and health impacts of wind-blown dust liberated 
from the facility to the surrounding communities.  

The emission factors were calculated site-
specifically for each individual scenario, using the 
Single-event Wind Erosion Estimate Program 
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(SWEEP) which is a USDA model developed in 
February 2007. SWEEP was initially developed for 
agricultural purposes (Hagen, 1991, Hagen, 1995). 
It is a process-based computer model that 
simulates wind erosion for a single-day storm 
event. The model makes use of the Revised Wind 
Erosion Equation (RWEQ) in order to estimate soil 
loss by wind erosion (Fryrear, et al. 1998). Various 
soil parameters are taken into account in the 
calculation, including the particle size distribution of 
the soil, the surface roughness, the dry bulk and 
aggregate density, the dry aggregate stability, 
crusting, vegetation cover and moisture content of 
the soil.  

For more accurate estimations, the current tailings 
facility was divided into four zones according to 
their soil characteristics, namely the slopes, crest, 
outer beach, middle beach and pool (Figure 1). 
Samples were obtained and analysed from each 
zone for their specific Particle Size Distribution 
(PSD). The PSD of a material is critical, especially 
with regards to dust generation. Csavina, (2014) 
stated that fine particles can travel far distances 
once suspended into the air. These PSD results 
were used as an input for SWEEP. The program 
calculated an emission factor for each zone on the 
current facility, which was used to calculate the 
predicted emission factor for each sequential 
scenario.  

2.3 Airflow modelling 

Airflow modelling, adapted to be applied to TSF’s 
by Bodenstein (2010), is carried out with the 
objective of finding effective and targeted dust 
mitigation solutions by identifying wind shear zones. 
These zones are areas on the TSF that experience 
shear-force that is brought on by wind to the extent 
that it poses a significant dust risk.  

Shear zones were identified through modelling of a 
simplified three-dimensional model of the 
consolidated TSFs. Two phases for the facility were 
modelled, namely the new facility at approximately 
10-m height (scenario 2) with incoming wind from 
SW – W and the new facility at final height 
(scenario 3 and scenario 4) with incoming wind 
from SW – W. 

2.4 AERMOD 

The air dispersion model used for the purpose of 
this study was the AERMOD (AERMOD, 2004.) 
regulatory model. AERMOD is a steady-state, 
Gaussian-plume dispersion model for simulating 
the transport and dispersion from point, area or 
volume sources by making use of an up-to-date 
characterization of the atmospheric boundary layer. 

The model is suitable for rural or urban areas, flat 
and complex terrains, surface and elevated 
releases and multiple sources.  

The Regulations Regarding Air Dispersion 
Modelling (DEA, 2014) states that air dispersion 
modelling is a series of mathematical simulations of 
how air pollutants disperse in the ambient 
atmosphere. The modelling is performed with 
computer programs that solve the mathematical 
equations and algorithms which simulate the 
dispersion of pollutants. In order to understand the 
complexities involved in the dispersion of air 
pollutants, decision makers are increasingly relying 
on dispersion models as they provide a way to 
evaluate different emission control policy scenarios 
that would be expensive, difficult or destructive in 
the real world. Air dispersion models generate 
quantitative answers to “what if” questions for 
environmentally sound, and scientifically based air 
management decisions  

AERMOD consists of three main components, 
namely AERMAP, a terrain pre-processor, 
AERMET, a meteorological data pre-processor and 
AERMOD, the dispersion model.  

2.4.1 Meteorological input 

Modelled surface weather data and upper air data 
were obtained for the three-year period; 1 
November 2014 to 31 October 2017 to provide a 
clear and accurate description of the weather 
(Lakes Environmental Software, 2018). 

2.4.2 Terrain input 

The terrain data used for AERMAP is the SRTM3 - 
Shuttle Radar Topography Mission at a Global 
Coverage of ~90m. AERMAP creates an output file 
which is required for AERMOD to run. 

3. Results  

By applying the approach outlined above to the five 
scenarios, it was possible to determine the dust risk 
profile change as construction of the facility 
progresses. An understanding for each scenario on 
the location of the high dust risk zones on the 
facility and how particles behave once liberated, 
can contribute to the development of feasible and 
accurate mitigation strategies as mentioned. 

3.1 Weather conditions 

The dominant wind direction for the three-year 
period was south-west. The average wind speed 
experienced was 3.56 m/s. On average, December 
had the highest temperatures with a maximum 
average of 26.7 °C and July had the lowest 
temperatures with a maximum average of 12.4 °C. 
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The study area falls in a summer rainfall area and 
the highest rainfall is usually experienced during the 
months of October-March. During winter months 
rainfall is very low, and often no rainfall occurs 
during the months of June, July and August. 

3.2 Emission factors 

In order to derive an emission factor for the entire 
TSF, the value of the emission factor determined 
for each zone (Figure 1) needs to be combined in 
the relative proportion at which it occurs. With the 
use of emission factors from the different zones on 
the current facility, emission factors were calculated 
for each scenario to be used in the air dispersion 
model. The emission factors are representative of 
the different characteristics of each scenario. For 
example, a high emission factor can refer to areas 
exposed to conditions resulting in high dust or PM10 
generation, such as, high wind speed and no 
vegetation. The emission factor for each scenario 
was used as an input into AERMOD, which showed 
the predicted dust fallout from the facility at that 
stage. The combined emission factors were 
calculated for dustfall and PM10 emissions, 
respectively.  

3.3 Airflow modelling 

The results of the airflow model made it possible to 
identify high risk areas in order to prioritize and 
concentrate on smaller, higher impact zones for 
mitigation purposes. The results are for the 
dominant wind direction only, with a possible 
variability due to different factors such as seasonal 
changes. The results show that during construction 
(scenario 2) the top of both the new and current 
facilities experience higher shear stress than after 
construction (scenario 3 and scenario 4) as shown 
in Figure 3 and Figure 4, respectively. This is likely 
due to a reduced airflow separation effect that 
occurs on the facility.  

 
Figure 3: The airflow modelling output for 

scenario 2 (10-m height). 

 
Figure 4: The airflow modelling output for 

scenario 3 and 4 (final height). 

After construction the windward slopes experience 
greater shear than the corresponding sections of 
the beach. The downwind portions of the beach 
experience greater shear stresses, which are likely 
the result of airflow re-attachment and compression 
effects. 

3.4 AERMOD 

The results are discussed according to each 
scenario and how the sensitive receptors close to 
the facility are influenced by PM10 emissions as a 
result of wind erosion from the TSF.  

As shown in Figure 2 the facility in the “current 
scenario” is half-vegetated on the slopes. The air 
dispersion model outputs for the “current scenario” 
does not show high annual PM10 emissions over 
the residential areas closest to the facility as 
indicated in  Figure 5. Therefore, there is a low risk 
to the surrounding area. The current TSF with the 
footprint for the new facility is shown in Figure 6, 
while the modelled dispersion of PM10 during this 
scenario is also presented. Compared to the 
“current scenario” there is an increase in the annual 
PM10 risk due to the initiation of the new facility 
(increased footprint area). The new footprint area is 
closer to the residential area which results in a 
higher dust and PM10 risk to the community during 
this phase. Overall there is a significant increase 
predicted when construction continues to scenario 
2 shown in Figure 7. Based on the modelled results 
scenario 2 is the “worst case” scenario for the 
construction period where the dust and annual 
PM10 risk on the surrounding area is the highest. 
Figure 8show the annual PM10 concentrations for 
scenario 3. The new TSF has reached its final 
construction height at this stage of the process and 
the slopes are half-vegetated. The dust fallout 
decreased due to more vegetation cover over the 
facility. Scenario 4 is the final scenario where the 
entire facility is vegetated in Figure 9. There is a 
decrease in the annual PM10 concentration. 
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Figure 5: The average annual PM10 concentration 

for the “current scenario”, TSF half-vegetated. 

 
Figure 6: The average annual PM10 concentration 

for scenario 1 (current, fully vegetated facility 

plus new footprint). 

 

 
Figure 7: The average annual PM10 concentration 

for scenario 2 (current, fully vegetated facility 

plus half-vegetated new facility). 

 
Figure 8: The average annual PM10 for scenario 3 

(Current, fully vegetated facility plus new facility 

at final height, half-vegetated). 

 
Figure 9: The average annual PM10 concentration 

for scenario 4 (Current and new facility is fully 

vegetated). 

4. Discussion 

Once the current facility is decommissioned, the 
upper surface dries out, which will result in a high 
dust risk area. By mitigating the beach and slopes 
of the current facility, the overall dust risk for the 
facility during the entire construction period will be 
decreased.  

When the deposition for the new TSF starts in 
scenario 1 the beach area on the current TSF was 
assumed to be already mitigated by being fully 
vegetated.  

During construction of the new TSF there is a 
prediction of relatively high dust generation 
according to the modelling outputs. In scenario 1 
with construction of the new TSF initially dust 
generation will be low and increase throughout the 
process if no mitigation is installed. During scenario 
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1 the beach has a large, wet pool area and very low 
slopes. The beach area will be wet during the 
footprint stage but as the facility increases in height 
and proceeds to scenario 2 the beach area will start 
to dry out and can cause dust generation and an 
increase in PM10 concentration.  

According to the air dispersion model outputs, 
scenario 2 has the highest risk for possible 
exceedances and mitigation is required. The top of 
the new facility carries the highest risk for dust 
generation. Dust emissions related to the current 
facility is already entirely mitigated at this stage. 
The shear-risk areas are the entire beach, crest, 
berm roads and slopes of the new facility. As the 
construction proceeds and the facility increases in 
height, the beach will start to dry out, resulting in a 
larger, dry outer beach and a smaller wet pool area, 
which will increase PM10 concentrations and 
consequential dust risk. 

The north eastern area of the beach should receive 
mitigation priority, as it is exposed to the dominant 
wind direction. The shear modelling also showed 
shear stress on the slopes. Once the construction 
of the side slope is complete and a step-in is done, 
the slope should be vegetated. Vegetation on the 
slopes will decrease wind speeds, stabilize the 
slopes, reduce erosion and dust generation. 
Mitigation on the slopes should be prioritised to the 
western side of the facility, as the model identified 
these areas as very high stress zones. However, 
the modelled outputs were only determined for one 
dominant wind direction, which can shift due to 
different factors such as seasonal changes. 
Concurrent grassing and irrigation on the active 
slopes should proceed until the new TSF reaches 
its final height.  

The shear model outputs show that as the facility 
gets higher, the shear zones shift from the top of 
the facility to the slopes. In scenario 3, the slopes 
experience the highest shear stress especially on 
the south western side facing the dominant wind 
direction. Once the TSF is decommissioned, final 
mitigation should be implemented by grassing the 
entire beach on the new facility.  

Scenario 4 was modelled to predict the dust fallout 
and PM10 concentration after decommissioning and 
full mitigation. The model outputs show that there is 
a slight risk for PM10 emissions emitted from the 
facility. Therefore, final decommissioning of the 
facility should also consider a more complex 
vegetation cover to further promote dust mitigation, 
as well as ecosystem function, persistence and 
resilience. This may include the introduction of 
woody species, including small trees.  

5. Conclusion 

A modeling study was conducted in order to 
determine the change in the dusk risk profile during 
the planned construction of a new TSF. Airflow 
modelling was used to determine the areas with 
high shear stress. The results showed when the 
new TSF is at a height of 10-m the top and 
windward crests will experience high shear. This is 
likely due to a reduced airflow separation effect that 
occurs on the facility. After construction when the 
new TSF is at final height the windward slopes and 
crests experience greater shear than the 
corresponding sections of the beach. The beach 
areas with greater shear stress are the downwind 
portions, which are likely the results of airflow re-
attachment and compression effects.  

Combining airflow results with air dispersion 
modeling made it possible to determine the areas of 
concern for possible mitigation schemes to be 
applied. Mitigation should occur with the onset of 
the construction. There is a wide-held belief that no 
mitigation processes are required when a TSF is 
low. The results challenge this, showing that 
mitigation is most important during the construction 
phase and that, once final decommissioning is 
complete, mitigations should enable long-term 
compliance. 

6. References 

AERMOD, 2004. Lakes Environmental Software. 
AERMOD view version 9.5.0.  

Bodenstein, D., 2010. Airflow modelling for high 
shear zone delineation. (Unpublished).  

Cimorelli, A.J., Perry, S.G., Venkatram, A., Weil, 
J.C., Paine, R.J. and Peters, W.D., 1998. 
AERMOD–Description of model formulation  

Cora, M.G. and Hung, Y.T., 2003. Air dispersion 
modeling: a tool for environmental evaluation 
and improvement. Environmental Quality 
Management, 12(3), pp.75-86.  

Csavina, J., Field, J., Taylor, M.P., Gao, S., 
Landázuri, A., Betterton, E.A. and Sáez, A.E., 
2012. A review on the importance of metals 
and metalloids in atmospheric dust and 
aerosol from mining operations. Science of the 
Total Environment, 433, pp.58-73.  

Csavina, J., Taylor, M.P., Félix, O., Rine, K.P., 
Sáez, A.E. and Betterton, E.A., 2014. Size-
resolved dust and aerosol contaminants 
associated with copper and lead smelting 
emissions: implications for emission 
management and human health. Science of 
the Total Environment, 493, pp.750-756.  

Cui, M., Lu, H., Etyemezian, V. and Su, Q., 2019. 
Quantifying the emission potentials of fugitive 
dust sources in Nanjing, East 

- 83 -



China. Atmospheric Environment, 207, pp.129-
135. 

DEA, 2014. Department of Environmental Affairs. 
Governmental Gazette, 37804:3, 11 Jul.  

Fryrear, D.W., Saleh, A., Bilbro, J.D., Schomberg, 
H.M., Stout, J.E. and Zobeck, T.M., 1998. 
Revised Wind Erosion Equation (RWEQ). 
Wind Erosion and Water Conservation 
Research Unit. USDA-ARS, Southern Plains 
Area Cropping Systems Research Laboratory.  

Ghose, M.K. and Majee, S.R., 2001. Air pollution 
caused by opencast mining and its abatement 
measures in India. Journal of Environmental 
Management, 63(2), pp.193-202.  

Hagen, L.J. 1991. A Wind Erosion Prediction 
System to Meet User Needs. Journal of Soil 
and Water Conservation, 46, 106-111.  

Hagen, L.J. 1995. Wind Erosion Prediction System 
(WEPS) Technical Description: Erosion 
submodel. Proceedings of the WEPP/WEPS 
Symposium. Soil and Water Conservation 
Society, Ankeny, IA. 

Jung, S., Kang, H., Sung, S. and Hong, T., 2019. 
Health risk assessment for occupants as a 
decision-making tool to quantify the 
environmental effects of particulate matter in 
construction projects. Building and 
Environment, 161, p.106267. 

Khuluse-Makhanya, S., Stein, A., Breytenbach, A., 
Gxumisa, A., Dudeni-Tlhone, N. and Debba, 
P., 2017. Ensemble classification for 
identifying neighbourhood sources of fugitive 
dust and associations with observed 
PM10. Atmospheric environment, 166, pp.151-
165. 

Lakes Environmental Software. 2018. 3 Years of 
MM5-Preprocessed Meteorological Data, 
AERMET-Ready. (Unpublished).  

Lodder, J., van Nierop, M.A., van Staden, E. and 
Piketh, S.J., 2016. Characterising the impact 
of rainfall on dustfall rates. Clean Air Journal= 
Tydskrif vir Skoon Lug, 26(2), pp.28-33.  

NAAQS, 2009. National Environmental 
Management Act: Air Quality Act, 2004. (notice 
1210). Government Gazette, 32816:6, 24 Dec.  

NDCR, 2013. National Dust Control Regulations. 
Government Gazette, 36974:4, 1 Nov.  

Sanderson, R.S., Neuman, C.M. and Boulton, J.W., 
2014. Windblown fugitive dust emissions from 
smelter slag. Aeolian Research, 13, pp.19-29.  

Tiwary, A. and Colls, J., 2010. Mitigating secondary 
aerosol generation potentials from biofuel use 
in the energy sector. Science of the Total 
Environment, 408(3), pp.607-616.  

USDA, 2007. Single-event Wind Erosion Evaluation 
Program (SWEEP) User Manual. US 
Department of Agriculture-Agricultural 
Research Service, Wind Erosion Research 
Unit, Manhattan, Kansas, USA. 

US EPA, 2004. AERMOD: Description of Model 
Formulation.  

US EPA, 2014. AP 42, Fifth Edition, Volume I 
Chapter 13: Miscellaneous Sources. 

Zhang, Q., Zhou, G., Qian, X., Yuan, M., Sun, Y. 
and Wang, D., 2018. Diffuse pollution 
characteristics of respirable dust in fully-
mechanized mining face under various 
velocities based on CFD investigation. Journal 
of Cleaner Production, 184, pp.239-250. 

- 84 -



Long-term WRFChem Modelling and Verification of Wet and Dry Deposition over the 
Highveld of South Africa 

Theo E. Fischer1*, Sam Leyde2, Suzanne F. Cawood3 and James Pugin4 

1, 2 ,3 & 4 EScience Associates, 9 Victoria Street, Oaklands, Johannesburg, 2192, theo@escience.co.za 

 

Acid deposition has been studied extensively over the Highveld region of South Africa, 
due to its high density of emissions arising mostly from power generation, 
petrochemical plants and household fuel combustion. The Weather Research and 
Forecasting model coupled to Chemistry (WRF-Chem) was used to model emissions 
of acidic precursors, namely SOx and NOx, their chemical conversions, as well as their 
wet and dry deposition for the Highveld region. Modelled acidic deposition results 
were verified against wet and dry deposition data calculated by a previous study using 
measured concentrations and rainfall data. The modelled deposition was not 
compared to comprehensive field deposition measurements.  Modelled annual 
Sulphur (S) wet deposition for 2006 and 2007 correlated reasonably well with the 30 
measurement sites. Annual total S wet deposition was modelled to exceed 3 
kg/ha/year and 2.5 kg/ha/year for 2006 and 2007 respectively. The lower wet 
deposition observed in 2007 can be attributed to a lower total annual rainfall for this 
year. Dry deposition model results did not perform as well when compared with 
measured data, the dry deposition modelled results where 384 – 391% higher than 
the inferred dry deposition. However, the inferred dry deposition values are inferred 
from ambient air measurements where ambient concentrations were multiplied with a 
deposition velocity which was determined based on modelling of meteorological 
conditions and thus could introduce inaccuracies to measured results.  

Keywords: acid, deposition, Highveld, South Africa, emissions quantification, 
sulphur oxides, nitrogen oxides 
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1. Background 

1.1 Introduction 

Acid deposition has been studied extensively 
over the Highveld region of South Africa due to its 
high density of emissions, which are precursors of 
acid species, arising mostly from power generation, 
petrochemical plants and household fuel 
combustion, and has been measured extensively to 
determine the impacts on agricultural soil (Blight, et 
al., 2009). Although deposition of acid species 
arising from power generation emissions has been 
modelled using dispersion models (Abanda, 2000; 
CE et al., 2001; Josipovic, et al., 2011; Kornelius & 
Scorgie, 2009, Zunckel, et al., 2000), the long-term 
modelling of atmospheric chemistry and acid 
deposition has not been undertaken to any 
meaningful extent in South Africa. 

This study used the Weather Research and 
Forecasting WRF model coupled with Chemistry 
(WRFChem) to model emissions of acidic 
precursors such as Sulphur dioxide (SO2) and 
Nitrogen oxides (NOx) as well as Ammonia (NH3), 
their chemical conversion, and the subsequent wet 
and dry deposition over the Highveld region. The 
importance of this investigation arises from two 
factors, i.e. the economic and environmental impact 
of deposition of anthropogenically sourced salts on 
water users in the strategic heartland of South 
Africa, and the expensive decisions arising from the 
location and technology of new power stations and 
industrial plants.  

The SO2 emissions by power generation alone 
for 2007 amounted to 1.47 million tons, this 
increased to about 1.5 million tons in 2014 and is 
expected to increase further with additional coal 
power plants under consideration to some 2.2 
million tons in 2020 (Fischer, et al., 2011). 

Full oxidation and conversion of atmospheric 
SO2 to total dissolved salt (TDS) (SO2 -> SO4-> 
TDS), depending on soil chemistry, could result in 
as much as 3.36 million tons TDS entering the Vaal 
Dam catchment. 

 

Acid deposition is responsible for multiple adverse 
effects on infrastructure, agriculture and ecosystems. 
The corrosion of steel, weathering of concrete, crop 
damage and soil acidification, as well as acidification 
and salinisation of water bodies are some of the 
impacts of acid deposition that affect society.  

Differentiation is made between wet and dry 
deposition: wet deposition is associated with 
precipitation, where dry deposition is the removal of 
pollutants by sedimentation under gravity, diffusion 
processed or turbulent transfer. 

There is clearly correlation between acid 
deposition and human health demonstrated by 
multiple studies; although the analysis of human 
health is outside the scope of this project, the data 
generated by this study may be used to predict health 
impacts from anthropogenic emissions. 

2. Methodology 

2.1 Emissions Inventory 

Anthropogenic emissions of SO2 in South Africa 
have predominantly been associated with combustion 
of fossil fuels by power generation sources (80%), 
industrial point sources (15%), and transportation 
sources (3%), while emissions of SO2 from burning 
vegetation are generally in the range of 1% to 2% of the 
biomass burned (Fischer, et al., 2011). Emissions 
inventorisation of NOx emissions have identified power 
generation, vehicular traffic, and biomass burning as 
the largest anthropogenic sources of NOx. The primary 
anthropogenic sources of NH3 emissions are from 
fertilised soils and livestock. The highest point source 
of emissions of NH3 are generally associated with 
areas of major livestock feeding and production 
facilities, however, the most significant source of NH3 
emissions (exceeding 1 000 tons/annum) are evident 
across broad areas that are likely associated with the 
application of ammonium-based fertilisers to crops. 
Accordingly, NH3 emissions are estimated at the hand 
of areas under crop production (Vonk, et al., 2016). 

 
Table 1 provides an overview of the emissions 

calculated for the Highveld region over the modelling 
period.  

 

Table 1: Emissions Inventorisation Summary for 2006, 2007 and 2014 (tons/annum) 

 
NOx SO2 NH3 NOx SO2 NH3 NOx SO2 NH3

Biomass Burning - 3 784 - - 3 784 - - 3 784 -

Power Generation 529 332 1 442 614 - 533 832 1 468 209 - 767 779 1 505 891 -

Transport 7 794 - 445 8 436 - 481 9 170 - 523

Other Industrial 229 551 303 187 168 258 234 365 299 167 391 532 579 929 164

Households 1247 2 798 - 1247 2 798 - 1247 2 798 -

Agricultural - Crop - - 8 668 - - 8 668 - - 8 668

Agricultural - Animal - - 190 - - 190 - - 190

Coal Mining 5 900 - 598 5 900 - 598 5900 - 598

Total 773 823 1 752 383 10 069 807 649 1 840 090 10 104 1 175 628 2 092 403 10 143

Sources
2006 2007 2014
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2.1.1 Source Inventorisation 

Emissions were developed for industrial sources 
in the model domain based on information supplied 
in Atmospheric Emissions Licenses (AEL). 
Industries listed as Scheduled Emitters under 
Section 21 of the National Environmental 
Management: Air Quality Act (NEM:AQA) are 
required to obtain an AEL in order to operate. This 
information was used where available or derived 
from emission factors that were published for the 
industrial emissions.  

The largest emitters are the coal-based 
industries, of which the power stations dominate. 
However, there are several other sources with much 
lower release heights situated around eMalahleni 
(formerly Witbank) and in Gauteng. These lower 
sources can have adverse health implications for 
the immediate vicinity but are expected to play less 
of a role in atmospheric chemistry and conversion 
to sulphates due to inhibition of mixing in the 
troposphere. The following compounds of primary 
emissions were included; SO2, NOx, PM10, PM2.5, 
CO and VOC. 

Vehicle Emissions Inventorisation 

A previous study by EScience calculated the 
emissions from vehicles for the City of Cape Town 
(CoCT). This study used real traffic count data, and 
relevant road data to produce NOx emissions for the 
city. The CoCT NOx emissions were broken into five 
classes, namely; Central Business District (CBD), 
Outer areas of the CBD, Highways, Main Roads and 
Suburban roads. This emissions data set was then 
used as a base for the calculations of vehicular NOx 
emissions for the Highveld. 

For this project only major roads were 
considered, specifically; National Routes, National 
Freeways, Main Roads and Arterial Routes. These 
classes were then assigned the relevant NOx 
emission rate (in g/s).  

The assigning of emission rates was based on 
the density and location of the roads. The roads 
within the CBD where found to be with the highest 
emission rate, whilst the roads in the suburban 
areas had the lowest emission rate. As no complete 
traffic count data for the Highveld region was 
available, the CoCT vehicle emission rates where 
scaled using a comparison of the Western Cape fuel 
sales against the fuel sales within the Highveld 
provinces. The scaled emission rates were 
assigned to all roads within the Highveld region 
(Figure 1). 

 

Figure 1: NOx Vehicle Emission rates (g/s) for the 

Highveld Region 

Agricultural Emissions Quantification - Fertiliser 

The fate of ammonia (NH3) released from the 
ground into the atmosphere is complex and varied, 
but NH3 can have a significant effect on oxidation 
rates of SOx and NOx, and hence on deposition rates 
of acidic species.  

Land cover types were obtained from the National 
Land Cover 2001 dataset provided. Land cover types 
considered for fertiliser ammonia emissions were; 
cultivated temporary, permanent commercial 
dryland, cultivated temporary, permanent 
commercial irrigated land and cultivated commercial 
sugar cane. Regional dominant crops types were 
attributed to cultivated land based on the LULC 2001 
category for cultivated land. Two types of fertilisers 
are used throughout South Africa; Ammonium 
Sulphate and Ammonia Nitrate. Emission factors 
were utilised for both fertiliser types and incorporated 
in the calculations, which were obtained from 
Development and Selection of Ammonia Emission 
Factors (Vonk, et al., 2016). Temporary cultivated 
land types were given a ratio to reduce total 
emissions as these crops are not present throughout 
the year.  

 

Figure 2: NH3 Emission rates (ton/annum) for 

Fertiliser Application in the model domain 

Agricultural Emissions Quantification - Livestock 

Census for Commercial Farming (2007) livestock 
numbers obtained for magisterial districts within the 
domain were used. Emission factors were used to 
determine the total NH3 from livestock farming, the 
emission factors were sourced from the 2006 IPCC 
Guidelines for National Greenhouse Gas (GHG) 
Inventories and the Development and Selection of 
Ammonia Emission Factors (Vonk, et al., 2016) and 
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the EMEP/EEA emission inventory guidebook 
(EEA, 2009). 

The limitation associated with livestock farming 
using the number of livestock from the Census for 
Commercial Farming (2007) is this dataset was 
outdated and per magisterial district. However, at 
the time of this project this was the only data 
available. 

Mining Emissions Inventorisation 

The Run of Mine (ROM) dataset was used for 
per mine point to determine emissions of NH3 for 
mining sources in addition to emission factors from 
Cook and Lloyd (2012). The estimation of GHG 
emissions from South African surface and 
abandoned mines were obtained for NH3 and used 
to determine the total NH3 emissions (Cook & Lloyd, 
2012).  

 

Figure 3: SO2 Emission rates (tons/annum) for 

Mining Sources in the model domain 

Biomass Burning Emissions Inventorisation 

The fraction of the landscape that burns across 
the region varies due to; the influence of weather 
conditions, the presence of ignition sources, and the 
amount, type, and arrangement of the available fuel 
(Archibald, et al., 2009).  

Using Advanced Fire Information System (AFIS)  
500m fire scar data, satellite-based fire information 
tool that detects active fire, and the SA National 
Land Cover (2000) (GeoTerraImage, 2002), an 
advanced biomass burning emissions inventory 
based on “burnt land cover” was developed. Due to 
the role of soil fertility levels in biomass production, 
fuel load classes were derived from the SA National 
Land Cover (SANLC, 2000) (49 classes) coupled to 
the soil fertility map comprised of 3 soil fertility 
classes (CSIR) – burnt fertility land cover class. For 
fuel combustion completeness factors, the IPCC 
GHG Inventory Guideline 2006 (IPCC, 2006) was 
adapted using the SANLC 2000 soil fertility classes. 
Emission factors were derived from IPCC, Ward et 
al., (1996) and the US-EPA AP42. 

The Minimum Emissions Scenario 

Future power generation emissions scenarios 
have been developed to compare the modelled 
deposition output for the current scenario against a 
theoretical future emissions scenario based on the 
power stations meeting the Minimum Emission 
Standard requirements specified in the NEM:AQA 
Act 39 of 2004, GN.R 551 of June 2015. The 

Minimum Emissions Scenario was based on the 2014 
Emissions Inventory, modified such that it 
represented the hypothetical 2014 emissions if the 
power stations met the Minimum Emission Standard 
requirements. The scenario is named the “Minimum 
Emissions Scenario”.  

2.2 Parameterisation and Long-term 

Running of WRFChem 

2.2.1 Model description 

WRFChem is an atmospheric chemistry model 
that is fully coupled to the WRF (Weather Research 
and Forecasting model) mesoscale meteorological 
model. Principal applications of WRFChem 
internationally include air quality, atmospheric 
dispersion, weather and regional climate forecasting, 
field mission planning and data analysis, impact of 
emission changes, study of processes that are 
relevant for global change applications (such as 
direct and indirect effect of aerosols). WRF is the 
international benchmark in atmospheric modelling 
(NOAA, 2016) with many international users and 
model algorithm developers.  

2.2.2 WRFChem Parametrisation 

The conversion of trace gases to acids is complex 
and involves several mechanisms in the atmosphere 
including photolysis, aqueous phase reactions and 
the conversion of gas-to-particle. To model some of 
these processes the chemical option was set to use 
the National Oceanic and Atmospheric 
Administration - Earth System Research Laboratory 
(NOAA)/(ESRL) Regional Atmospheric Chemistry 
Mechanism (RACM) Chemistry Model for Aerosol 
Dynamics in Europe - Volatility Basis Set 
(MADE/VBS). The Kinetic Pre-Processor library was 
used, which covers aqueous reactions, gas 
chemistry and secondary aerosol formation. All 
emissions were treated as anthropogenic emissions, 
same as the U.S.A National emissions inventory. Wet 
scavenging and cloud chemistry were both 
deactivated for this model set up as the run time 
became too computationally expensive and in fact 
was longer than the actual simulation period when 
not making use of Centre for High Performance 
Computing. 

2.2.3 WRFChem verification 

Josipovic  (2011) conducted two seasons of gas 
concentration measurements across the Highveld. 
Dry deposition was inferred from measured 
concentration of gases, while rainfall during the 
period was used to estimate wet deposition from the 
rain chemistry papers of Mph epya et al., 2004 
and 2006. Dry deposition associated with aerosols 
was also estimated. The sites were positioned at one-
degree integral grid intersections as well as additional 
sites positioned at half-degree grid intervals. 

A model performance of rainfall for the domain is 
shown in Figure 4. The model performs well against 
measured rainfall data for most of the southern half 
of the domain, which includes Mpumalanga, KwaZulu 
Natal and the northern Free-State, with modelled 
rainfall values ranging between 80% and 120% 
compared to measured rainfall. The model 
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significantly under predicted rainfall for the 
measured sites in Limpopo, the drier part of the 
model domain. 

 
Figure 4: Model Performance of Rainfall (2006-2007) 

 

A comparison of the modelled total sulphur and 
nitrogen deposition against the sulphur and nitrogen 
emissions from all modelled sources was conducted 
to determine the performance of the model (Figure 
5 and Figure 6). A significant proportion of the 
sulphur emissions calculated and fed into the model 
eventually reported as sulphur wet or dry 
deposition. The Nitrogen species were split into 
Ammonia/Ammonium and Nitrogen oxides. The 
ammonia species emissions fed into the model 
were eventually deposited whereas approximately 
one third of the Nitrogen oxides emissions fed into 
the model were reported as wet or dry deposition. 

  
Figure 5: Emissions Inventory Sulphur and Nitrogen 

Input versus modelled depositional output (2005/6) 

 
Figure 6: Emissions Inventory Ammonia Input 

versus modelled depositional output (2006/7) 

 
 
 

3. Model results 

3.1 Rainfall 

The modelled rainfall for the 2005/6 and 2006/7 
hydrological years (September to August) are shown 
in Figure 7 and Figure 8. Modelled rainfall verification 
(Figure 4) indicates that the model performs well 
against measured rainfall for most of the southern 
half of the domain with modelled values ranging 80% 
- 120% of the measured data. 

 
Figure 7: Modelled rainfall – September 2005 to August 

2006 (2005/6) 

 
Figure 8: Modelled rainfall – September 2006 to August 

2007 (2006/7) 

3.2 Sulphur Wet Deposition 

The 2005/6 total sulphur wet deposition model 
output indicated that most of the Highveld 
experienced wet deposition in excess of 0.5 
kg/ha/year. The peak total sulphur wet deposition for 
the modelling domain was 2.5 - 3 kg/ha/year (Figure 
9). The peak wet deposition modelled for 2006/7 was  
3 – 4 kg/ha/year (Figure 10). 

 
Figure 9: Annual sulphur wet deposition (2005/6) 
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Figure 10: Annual sulphur wet deposition (2006/7) 

The 2014 emissions scenarios (run with 2005/6 
(Figure 11), and 2006/7 (Figure 12) meteorology) 
showed a decrease in the peaks of wet deposition 
modelled for the highveld region. Where the 2005/6 
and 2006/7 scenarios showed peak deposition of 
between 2.5 – 3 and 3 - 4 kg/ha/year respectively, 
the 2014 scenarios showed peak deposition of 2 – 
2.5 and 2.5 – 3 kg/ha/year, respectively.  

 
Figure 11: Annual sulphur wet deposition (2014 

with 2005/6 Meteorology) 

 
Figure 12: Annual sulphur wet deposition (2014 with 

2006/7 Meteorology) 

The Minimum Emissions Scenario modelled with 
2005/6 meteorology (Figure 13) shows the peak 
deposition reducing from 2 - 2.5 (2014) to 1.5 - 2 
kg/ha/year.  

 
Figure 13: Annual Sulphur Wet Deposition - Minimum 

Emissions Scenario (with 2005/6 meteorology) 

While the Minimum Emissions Scenario modelled 
with 2006/7 meteorology (Figure 14) showed the 
peak deposition reducing from 2.5 – 3 (2014) to 1.5 - 
2 kg/ha/year  

 
Figure 14: Annual sulphur wet deposition - Minimum 

Emissions Scenario (with 2006/7 meteorology) 

3.3 Sulphur Dry Deposition 

The 2005/6 annual sulphur dry deposition was 
modelled to exceed 10 kg/ha/year over central 
Highveld, with a peak of 150 - 200 kg/ha/year to the 
north west of Bethal (Figure 15). 

 
Figure 15: Annual sulphur dry deposition (2005/6) 

The 2006/7 annual total sulphur dry deposition 
was modelled with similar results to 2005/6, with 
exceedances of 10 kg/ha/year over most of the 
Highveld, and a peak of 150 - 200 kg/ha/year in a 
similar area as the 2005/6 peak (Figure 16). 
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Figure 16: Annual sulphur dry deposition (2006/7) 

The 2014 annual sulphur dry deposition, with the 
2005/6 and 2006/7 meteorology(Figure 17 and 
Figure 18), have smaller regions exceeding 10 
kg/ha/year over the Highveld. Similarly, a smaller 
region exceeding the peak of 150 – 200 kg/ha/year 
than was observed for 2006 and 2007 respectively. 
However, the 2014 model scenarios resulted in 
more isolated areas of dry deposition between 50 – 
100 kg/ha/year. 

 
Figure 17: Annual sulphur dry deposition - 2014 

(with 2005/6 meteorology) 

 
Figure 18: Annual sulphur dry deposition - 2014 

(with 2006/7 meteorology) 

The Minimum Emissions Scenario results for the 
annual dry sulphur deposition has most of the 
Highveld only exceeding 2.6 kg/ha/year and a small 
portion of the central Highveld region exceeding 20 
– 30 kg/ha/year (Figure 19 and Figure 20). An 80% 
decrease from the 2005/6 and 2006/7 scenarios.  

 
Figure 19: Annual sulphur dry deposition - Minimum 

Emissions Scenario (with 2005/6 meteorology) 

 
Figure 20: Annual sulphur dry deposition - Minimum 

Emissions Scenario (with 2006/7 meteorology) 

3.4 Nitrogen Dry Deposition 

The annual nitrogen dry deposition 2005/6 model 
results had a maximum of 6 – 7 kg/ha/year being 
deposited north west of Bethal (Figure 21). When 
comparing annual dry deposition of nitrogen for 
2005/6 and 2006/7 (Figure 21 and Figure 22), 2006/7 
dry deposition was less than 2005/6. The 2006/7 
annual deposition had less area within the 3.5 – 5 
kg/ha/year range.  

 
Figure 21: Annual nitrogen dry deposition (2005/6) 
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Figure 22: Annual nitrogen dry deposition (2006/7) 

The annual nitrogen dry deposition results for 
2014, with 2005/6 meteorology, has a peak dry 
deposition occurring south-east of Johannesburg. 
This peak dry deposition was between 9 and 11 
kg/ha/year (Figure 23). A similar spatial distribution 
of dry deposition was observed between the 2014 
scenarios. (Figure 24). 

 

 
Figure 23: Annual nitrogen dry deposition - 2014 (with 

2005/6 meteorology) 

 
Figure 24: Annual nitrogen dry deposition - 2014 (with 

2006/7 meteorology) 

The distribution of the annual nitrogen dry 
deposition for the Minimum Emissions Scenario 
was similar to the 2014 emissions scenario, with 
2006/7 meteorology, although there was a reduction 
in peak deposition from 9 – 11 to 6 – 7 kg/ha/year 
(Figure 25). Additionally, the 2006/7 exhibits higher 
peak deposition when compared to the 2005/6 
Minimum Emissions Scenario (Figure 26). 

 

 
Figure 25: Annual Nitrogen Dry Deposition - Minimum 

Emissions Standards (with 2005/6 meteorology) 

Figure 26: Annual Nitrogen Dry Deposition - Minimum 

Emissions Standards (with 2006/7 meteorology) 

3.5 Nitrogen Wet Deposition 

The model results for wet deposition for nitrogen 
were particularly low, a maximum for 2005/6 and 
2006/07 of 0.075 and 0.04 kg/ha/year respectively 
was modelled, while sulphur wet deposition had a 
maximum between 3 and 4 kg/ha/year, respectively. 
When comparing annual wet deposition of nitrogen 
for 2005/6 and 2006/7 (Figure 27 and Figure 28), 
2005/6 wet deposition was significantly more 
concentrated than 2006/7. For wet deposition of 
nitrogen only NO₃ deposition was modelled which 
could be the cause of the low values, as HNO₃ and 
other nitrogen compounds were not included. It is 
recommended for further research that this be 
investigated. 

 
Figure 27: Annual Wet Deposition of Nitrogen – 2005/6 
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Figure 28: Annual Wet Deposition of Nitrogen –

2006/7 

As with the sulphur wet deposition, the nitrogen 
deposition rates for 2014 were modelled using the 
2005/6 and 2006/7 meteorological years to allow for 
a direct comparison between the scenarios. The 
2014 scenario with 2005/6 meteorology modelled 
maximum dry deposition rates in excess of 0.1 
kg/ha/year, an increase of 40% from the 2005/6 
emissions scenario mentioned above (Figure 29). 
The area of maximum deposition rates was located 
over the western half of the Mpumalanga province 
and most of the Gauteng province, with most of the 
modelling domain modelled to exceed 0.02 
kg/ha/year.  

The 2014 emissions scenario with 2006/7 
meteorology’s modelled maximum deposition rates 
were in the same region as that of the 2014 
emissions scenarios with 2005/6 meteorology 
(Figure 30). 

 
Figure 29: Annual Wet Deposition of Nitrogen –2014 

(with 2005/6 meteorology) 

 
Figure 30: Annual Wet Deposition of Nitrogen –2014 

(with 2006/7 meteorology) 

 

4. Discussion 

4.1 Sulphur Wet Deposition 

The 2005/6 and 2006/7 annual sulphur wet 
deposition model outputs indicated that most of the 
Highveld would experience wet deposition exceeding 
0.5 kg/ha/year. The highest modelled total sulphur 
wet deposition for the modelling domain for 2005/6 
occurred between 2.5 and 3 kg/ha/year. However, 
the annual wet deposition peak increased from 2.5 to 
3 kg/ha/year in 2005/6 to 3 and 4 kg/ha/year in 
2006/7. 

The 2014 (run with 2005/6 and 2006/7 
meteorology) annual wet sulphur deposition results 
showed peaks of 2 - 2.5 kg/ha and 2.5 – 3 kg/ha. 
When compared with the 2006 and 2007 emissions 
scenarios these results were lower, even though the 
2014 scenario had more sulphur being emitted.  

The annual wet deposition of sulphur for the 
Minimum Emissions Scenario modelled, for both 
meteorological years, showed decreased deposition 
when compared to the respective 2014 scenarios. 
This displays a theoretical 60% decrease in peak wet 
sulphur deposition when introducing the minimum 
emissions standard to the power stations over the 
Highveld region.  

The southern distribution of the total sulphur wet 
deposition was substantially less pronounced in 
2005/6 than that observed in 2006/7. The reason for 
this was that, as expected, the wet deposition peaks 
and distribution for both 2005/6 and 2006/7 are seen 
to correlate well with the modelled rainfall. 

Modelled wet sulphur deposition under-estimated 
when compared to inferred wet deposition over the 
Highveld, with the average modelled deposition over 
the 30 sites being 18% and of the inferred values for 
2005/6 and 2006/7 respectively. 

4.2 Sulphur Dry Deposition 

The 2005/6 annual total sulphur dry deposition 
was modelled to exceed 50 kg/ha/year over central 
Highveld, with a peak of 150 - 200 kg/ha/year to the 
north west near Bethal. While the 2006/7 annual 
sulphur dry deposition was modelled with similar 
results to 2006, with exceedances of 50 kg/ha/year 
over the central Highveld and a peak of 150 - 200 
kg/ha/year in the same area as the 2006 peak.  

The 2014 annual dry sulphur deposition results 
(run with 2005/6 and 2006/7 meteorology) were 
significantly higher than modelled for the 2005/6 and 
2006/7 scenarios. This highlights that even though 
the source locations and the meteorology are the 
same between the two scenarios, the emissions are 
significantly more in the 2014 scenario. 

The Minimum Emissions Scenario modelled with 
2005/6 meteorology had most of the deposition 
occurring over the central Highveld exceeding 5 
kg/ha/year and a small portion of the central Highveld 
region exceeding 20 – 30 kg/ha/year with peaks of 40 
– 50 kg/ha/year north west of Bethal.  While the 
Minimum Emissions Scenario modelled with 2006/7 
meteorology has the majority of the central Highveld 
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exceeding 10 kg/ha/year and a small portion of the 
central Highveld region exceeding 30 – 40 
kg/ha/year with peaks of 50 – 100 kg/ha/year north 
west of Bethal as well as around Emalahleni. 

Modelled dry deposition overestimated when 
compared to inferred deposition over the Highveld, 
with the average modelled deposition over the 30 
sites being 391% and 384% higher than inferred 
values for 2005/6 and 2006/7 respectively. It is clear 
from the dry sulphur deposition maps that the dry 
deposition was occurring close to the respective 
major sources of SO2. 

4.3 Nitrogen Dry Deposition 

Modelled nitrogen dry deposition for 2005/6 
model resulted in a large area experiencing 3.5 – 5 
kg/ha/year deposition with peaks of between 6 – 7 
kg/ha/year in a few areas. There are additional 
areas of high dry deposition occurring over the 
majority of Gauteng and the western portion of 
Mpumalanga. The sulphur dry deposition was in the 
range of 100 – 200 kg/ha/year, significantly higher 
than that of nitrogen dry deposition.  

When comparing annual dry deposition of 
nitrogen for 2005/6 and 2006/7, the results are quite 
similar. For both 2006 and 2007 much of the dry 
deposition (above 3.5 kg/ha/year) occurs within the 
central Highveld region, in and around the power 
stations with a few peaks observed in the western 
portion of the domain. 

The peak of annual nitrogen dry deposition for 
2014 emissions scenarios, for the 2005/6 and 
2006/7 meteorological years, reached in excess of 
10 kg/ha/year which was significantly higher than 
the dry nitrogen deposition results from the 2005/6 
and 2006/7 scenario (6 - 7 kg/ha/year). 

4.4 Nitrogen Wet Deposition 

The model results for nitrogen wet deposition 
were particularly low (a maximum of 0.2 kg/ha/year 
was modelled, while wet sulphur deposition had a 
maximum of 4 kg/ha/year). The same emissions 
inventory that was used for dry deposition was used 
for wet deposition. It is recommended for further 
research that the reason for the low nitrogen wet 
deposition be investigated. 

5. Conclusion 

While it is important to note that the modelled 
deposition was not compared to 
comprehensive field deposition measurements 
and the model does have limitations, the model 
predicts considerable wet and dry sulphur 
deposition over the Highveld. A considerable 
portion of the deposition is due to emissions from 
power generation and large industry (Table 1). The 
Vaal river catchment, upstream of the Vaal dam, 
experiences significant sulphur deposition, which is 
likely to lead to increased salinity of the Vaal dam, 
thereby increasing treatments costs of this water 
prior to use. In comparing the annual deposition 
results from the Minimum Emissions Standards 
Scenario to the 2014 Emissions Scenario 

deposition results it is clear that the model predicts 
that the sulphur and nitrogen deposition would be 
significantly decreased if the Minimum Emissions 
Standards were met. It is recommended that further 
research be conducted that assesses salinity trends 
of the Vaal river and Vaal dam in relation to historic 
acid deposition over the Vaal dam catchment to gain 
an understanding of the correlation between the two 
trends, if any.  
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Urban areas within South Africa are rapidly growing, and are projected to continue to grow. During 
this time, these growing cities will also be impacted by global change. It is projected that surface 
temperatures across southern Africa will increase at a rate faster than the global average, which 
can have large impacts on human health. Additionally, this increased urbanization can increase 
the urban heat island (UHI), where urban areas experience higher temperatures than surrounding 
rural areas. This urbanization can also lead to deterioration of air quality. Exposure to both air 
pollution and high temperatures at the same time can exacerbate the potential risk to human 
health; thus, it is important to assess these environmental exposures together. High-resolution 
urban climate modelling that considers the urban form is necessary in order to resolve the UHI. 
In addition, in order to simulate climate-air quality linkages and impacts under climate change, 
high-resolution climate model output that accounts for the urban form is a necessary input into air 
quality models. This study presents the simulation of the urban climate, specifically the UHI, in 
the City of Tshwane. In this analysis, the screen temperature (temperature 2-meters above 
surface) was used due to its relevance to health impacts. All of the common characteristics of 
UHI were seen in the simulated temperatures. The urban areas were simulated to be warmer than 
the rural areas, with the peak difference at night-time. The UHI was most visible in minimum 
screen temperatures. The increases in screen temperature were seen over areas with higher 
urban fraction. On a seasonal scale on average for the domain, the UHI was larger in May-August, 
when Tshwane experiences calm and clear conditions. The simulated vertical temperature also 
showed an increase in temperature, i.e. a bubble of warm air, over the urban areas. 

 

Keywords: climate change and air quality linkages, urban climate, urbanization, urban air pollution 

 

1. Introduction 

The United Nations (2014) estimated that 15 
million people will move to South Africa’s urban 
spaces by 2050, resulting in South Africa being 77% 
urbanised (up from 64% in 2014). During this time, 
growing cities will also be impacted by global climate 
change.  

It is projected that surface temperatures across 
Africa will increase at a rate faster than the projected 
global average. In fact, over the Southern African 
interior, temperatures are currently increasing at 
about twice the global rate of temperature increase 
(Engelbrecht et al., 2015). These increases in 
temperature can negatively impact human health 
through increased exposure to oppressive 
temperatures (Garland et al., 2015); in urban areas, 
this increasing exposure can be heightened as a 
result of the urban heat island (UHI) effect.  

1.1 Urban Heat Island  

Common characteristics of UHI, as summarized 
in Gartland (2008) include,  

 Urban areas are warmer than rural areas. When 
compared with rural areas, the urban areas are 
often warmest after sunset and coolest after 
sun rise. This is because more incoming solar 
radiation is stored by buildings and artificial 
surfaces, due to less vegetation in cities. 

 The increases in air temperature are often 
driven by the heating of the urban surfaces. Due 
to less ventilation in cities, and more buildings. 

 The difference between urban and rural 
temperatures is greater in calm and clear 
weather. Due to less ventilation in cities, as a 
result of higher number of buildings. 

 The UHI tends to increase as cities get larger, 
and are more intense in areas with the least 
vegetation and most urban development. Due 
to higher number of buildings, and less 
vegetation.  

 The UHI can also impact air temperature above 
the surface, with a “bubble” of warm air visible 
over the city. 
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The increases in temperature from the presence 
of the UHI can increase the exposure of urban 
dwellers to increased temperatures. Exposure to 
high temperatures can have negative impacts on 
health, including increased mortality rates (e.g. 
Kovats et al., 2008; Kilbourne, 1997). Exposure to 
increased minimum temperatures can impact the 
body’s ability to recover from high maximum 
temperatures (e.g., USGCRP, 2016; Laaidi et al., 
2014). The impact of the UHI is generally largest at 
night (Gartland, 2008), and thus, minimum 
temperatures are impacted. This results from higher 
number of buildings, more artificial surfaces which 
traps radiation during the day and get stored in 
buildings as is hardly released at night. 

Studies of UHI use a variety of methods to 
estimate the UHI, its magnitude and intensity, and its 
impacts; these include surface measurements (e.g. 
Chakraborty et al., 2017; Soltani and Sharifi, 2017; 
Hong and Hong, 2016; Santamouris, 2015), satellite 
retrievals of land surface temperature (e.g. 
Chakraborty et al., 2017, Zhou et al., 2017) and 
modelling (e.g. Chen et al., 2014; Garuma et al., 
2018; Chen et al., 2015).  

1.2 High-resolution climate modelling for 
urban climate modelling 

While air quality modelling studies may use high-
resolution meteorological input for historical studies, 
assessments of the impact of climate change on 
urban areas are often derived from climate model 
output at spatial resolutions too coarse to represent 
processes that are crucial to describe the urban 
climate (Argüeso et al., 2015; Fallman et al., 2017).  

Urban areas are complex and vary significantly 
over short distances in terms of land use and surface 
cover. Coarser resolution climate data cannot fully 
capture this spatial and morphological heterogeneity 
within cities.  

Very high resolution climate model output (~1 km) 
that accounts for the urban form can make a 
significant improvement in representing the urban 
climate and UHI on climate change timescales 
(Thatcher and Hurley, 2012). Additionally, through 
improving the simulation of the urban form, the ability 
to simulate the impact of climate change on air 
quality can also be improved.  

1.3 Climate change and air quality linkages 

The links between climate change and air 
pollution are complex, with multiple interactions 
(Figure 1). Firstly, the two issues are strongly linked 
through their emissions sources, many of which 
(such as energy production and use, agriculture, 
industrial activities) can release pollutants that have 
air quality and climate change implications. Thus, 
policies and interventions that impact greenhouse 
gas (GHG) emissions, many times also impact air 
pollutant emissions; however, all policies do not 

provide win-win options for both. Secondly, changes 
in climate will also impact air pollution directly, 
through changes in emissions (e.g. temperature-
dependent emissions from biogenic sources) and 
changes in meteorology. Thirdly, within the context 
of UHI, measures to mitigate the UHI (e.g. planting 
trees, cool roofs) can impact, sometimes negatively, 
on air quality (Epstein et al., 2017). For example, 
roofs that enhance indoor cooling tend to work by 
reflecting sunlight; however, this also increases 
albedo and provides additional radiation for 
photochemistry above cities (Epstein, et al., 2017). 
Finally, exposure to air pollution together with 
exposure to high temperatures at the same time can 
exacerbate the potential risk to human health; thus, 
it is important to assess these environmental 
exposures together (Schnell and Prather, 2017).  

 
 

 
 

Figure 1. Schematic highlighting linkages 

between air pollution and climate change 

(adapted from Thambiran and Diab, 2011). 

 
Thus, it is important to holistically assess climate 

and air quality linkages, and impacts, under a 
changing climate as well as from planned 
interventions and urban developments. 

In order to simulate these linkages under climate 
change, high-resolution climate model output that 
accounts for the urban form is necessary as an input 
into air quality models.  

1.4 Focus of this study 

In this paper we present the simulation of the 
urban climate, specifically the UHI, in the City of 
Tshwane. This case study simulated the UHI under 
a current climate, and will in future research simulate 
the UHI under climate change. The eventual aim is 
to integrate this modelling platform with a chemical 
transport model to simulate the impact of UHI and 
climate change on air quality, and the resultant 
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impacts on health (from heat and air quality), as well 
as the impacts of UHI mitigation measures on air 
quality.  

This Urban Heat Island study was commissioned 
by the City Sustainability Unit in the Office of the 
Executive Mayor of Tshwane as part of a process to 
develop a Climate Action Plan (CAP) for the City of 
Tshwane. The CAP is founded on the City’s Climate 
Response Strategy and will put in place a series of 
mitigation and adaptation actions that will steer the 
City to being carbon neutral and climate resilient by 
2050. Heat is one of the most pervasive climate 
impacts that the City is confronting and 
understanding its spatial footprint is key to designing 
appropriate mitigation actions. 

2. Methods 

Using local information on the Tshwane built 
environment and heat emissions, a parameterized 
urban climate model for Tshwane was used in order 
to simulate the urban environment. 

This Tshwane-tailored urban climate model was 
integrated within the global atmospheric model 
called the Conformal-Cubic Atmospheric Model 
(CCAM), developed by the Commonwealth Scientific 
and Industrial Research Organisation (CSIRO) of 
Australia and run at the CSIR (McGregor, 2005; 
McGregor and Dix, 2008). The CCAM model 
incorporates the CCAM CSIRO Atmosphere 
Biosphere Land Exchange (CABLE) code to process 
surface parameters such as topography, land-cover 
types as well as vegetation types; in this set-up, the 
model is referred to as CCAM-CABLE (Kowalczyk et 
al., 2006). 

CCAM-CABLE simulates the climate of the 
domain of interest, but alone does not include the 
impact of the urban form and anthropogenic heat 
emissions on urban climate (e.g. temperature). In 
order to simulate the urban climate and its 
interactions with the regional climate, CCAM- 
CABLE is coupled to an urban climate model (UCM) 
called the Town Energy Budget (aTEB) (Thatcher 
and Hurley, 2012) model, which is an urban canopy 
model within the climate model. The aTEB model 
can simulate the urban geometry and parameterizes 
the in-canyon heat fluxes such as sensible and latent 
heat grids (Thatcher and Hurley, 2012). It is able to 
resolve both shortwave and longwave radiation, and 
includes a big leaf energy budget to resolve urban 
vegetation to better represent urban areas. The city-
specific urban parameters for the TEB were 
developed using Tshwane-specific information. 

The CCAM-CABLE simulations are conducted for 
the present climate (2006-2016), where the model is 
set-up at a quasi-uniform horizontal resolution of 50 
km over Africa and forced with the European Centre 
for Medium Range Weather Forecasting (ECMWF) 
Reanalysis (ERA) Interim reanalysis data (Dee et al., 
2011). The ERA Interim reanalysis data are 

constrained model output, with variables assimilated 
closer to global observations. These reanalysis data 
include sea-surface temperatures (SST) and sea ice 
(Engelbrecht et al., 2009), with input at six hourly 
intervals. The model was initialized using variables 
including, urban fraction, soil type, vegetation type, 
vegetation fraction, surface roughness, leaf area 
index, surface temperature, sea ice, and 10m winds.  

The 50 km downscalings provided input to the 8 
km domain centred over South Africa (although still 
covering globally at a coarser resolution).  A Schmidt 
stretched-grid is applied at 8 km such that better 
spatial resolution of enhanced grid spacing is 
achieved over South Africa, the 8 km output is 
written out every six hours. Then the 1 km 
downscaled simulations centred over Gauteng are 
performed, nudged by the 8 km output. Stretching 
was applied at 1 km resolution over the City of 
Tshwane and the surrounding areas to produce the 
finest scale results over Tshwane. 

The 50 km CCAM downscaling over Africa used 
default land-cover data. The 8 km simulations over 
South Africa and the 1 km simulations over Tshwane 
were performed with updated South African land-
cover. This updated data is based on Moderate 
Resolution Imaging Spectro-radiometer (MODIS) 
500 meter resolution land-cover (product MCD12Q1; 
IGBP land-cover types) over Tshwane. Seasonal 
variation in vegetation is represented by monthly 
average leaf area index (LAI) from the MODIS LAI 
products. 

After the CCAM-CABLE model was run, the 
Climate Research Unit (CRU) climatology (Harris et 
al., 2014) of screen temperature over Tshwane was 
used to apply a bias correction (Teutschbein and 
Siebert 2012) to the simulated screen temperatures 
from the CCAM-CABLE model output. This bias 
correction utilized the difference between the 
historical simulated and the historical observed (i.e. 
CRU) maximum and minimum temperatures 
separately, per calendar month. The temperature 
values are corrected according to this difference 
consistently throughout the entire simulated time 
series.  

3. Results and Discussion 

The spatial distribution of urban areas within 
Tshwane, (seen as urban fraction) with updated 
land-cover data is depicted in Figure 2, and is 
representative of MODIS data for 2013. In 
simulations with the updated land-cover, high urban 
fraction is found mostly over the City Centre and high 
density residential areas to the north of the City as 
well as Centurion to the south. 
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Figure 2: The CCAM-CABLE representation of 

urban fraction over the City of Tshwane at a 

horizontal resolution of 1 km (based on 2013 

MODIS land-cover).  

The simulated screen temperature is the 
temperature 2-meters above ground-level. This was 
analysed here as it is most relevant to the 
temperature that urban dwellers would feel. Figure 3 
displays the mean seasonal minimum screen 
temperature for summer (December, January, 
February; DJF), autumn (March, April, May; MAM), 
winter (June, July August; JJA), spring (September, 
October, November; SON). The higher simulated 
screen temperatures in the urban areas is visible in 
the average seasonal minimum temperatures across 
all seasons. It is expected that the UHI will impact 
minimum temperatures, as generally the UHI is 
strongest at night. Similar increases in simulated 
screen temperature in the urban areas were found in  
the simulated mean seasonal temperature across all 
seasons (not shown). These increases were not 
seen in the mean seasonal maximum screen 
temperature (not shown). This is expected, as the 
UHI is generally stronger in the night-time, and thus 
would not impact maximum temperatures as 
strongly. 

 

 
Figure 3: The CCAM-CABLE ERA Reanalysis simulated mean seasonal minimum screen temperature (°C) for 

a) summer (DJF), b) autumn (MAM), c) winter (JJA), d) spring (SON) 2006-2016 over the City of Tshwane at a 

horizontal resolution of 1 km. Note that maps use different scales. 
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The difference between the simulated screen 
temperature values for urban areas (Figure 2) and 
non-urban areas was used to quantify the diurnal 
and seasonal cycle of the UHI. Figure 4 highlights 
that the diurnal cycle for the urban and non-urban 
areas peak in the early afternoon, with the higher 
urban temperatures being pronounced at night. The 
temperatures follow the same seasonal cycle, as 
would be expected, with the urban areas having 
larger values. This is quantified in Figure 5.  

It is known that cities are characterised by more 
buildings and less vegetation, with more heating due 
to less latent heat fluxes and more sensible fluxes, 
whereas non-urban areas are characterised by less 
buildings, more vegetation and more evaporation 
and cooling effect. In this instance, for the non-urban 
areas, fewer buildings and more vegetation lead to 
more latent heat, which makes non-urban areas cool 
faster in the early hours of the morning. However, in 
urban areas, more buildings and less vegetation 
leads to more heat stored, leading to more sensible 
heat fluxes and less/negligible latent heat fluxes. 
Also, air conditioning in cities leads to more 
anthropogenic heat emissions.  

On average for 2006-2016, the average 
difference between urban and non-urban simulated 
screen temperature peaks in May, with high values 
in winter (JJA). It should be kept in mind that these 
are average values, and there is spatial and 
temporal (e.g. night versus day) variation in the 
magnitude of the UHI.  These figures corroborate 
that the UHI, on average, is strongest in the evening. 
The strongest UHI is seen in May-August; this 
seasonal cycle is similar even if only night-time 
values are considered (not shown).   

 
   

 
 

Figure 4: Multi-year mean diurnal (left) and seasonal 

(right) variation in screen temperature (tscrn) in urban 

areas (red) and non-urban areas (blue). In the seasonal 

variation graph (right) the 95% confidence interval in 

the mean is represented by the shaded areas.  

 
 
Figure 5: Multi-year mean seasonal variation of the 

difference of the screen temperature in urban areas to 

non-urban areas. Positive numbers indicate increased 

temperatures seen in urban areas. The mean is the line 

and the 95% confidence interval in the mean is the 

shaded areas.  

These seasonal averages shown in Figure 5 are 
less than 1°C. Analysis is on-going to assess and 
quantify when the UHI impact is the greatest, as well 
as its potential impact on health. Other studies have 
found UHI with average values of <1°C. Santamouris 
(2015) performed a meta-analysis of studies on 100 
Asian and Australian cities, and found that in ~58% 
of the studies the average annual UHI intensity was 
<1 K.  

As described in the introduction, a common 
feature of UHI is for there to be a dome of warmer 
air over the UHI. The simulated vertical structure of 
air temperature was investigated on a seasonal 
scale over two transects through the City (dotted 
lines on Figure 6). Figure 7 displays the multi-year 
(2006-2016) summer (DJF) vertical air temperature 
along the latitudinal band of -25.78°S over the zonal 
Tshwane area, and the bottom two figures shows 
vertical air temperature over along the longitudinal 
band of 28.24°E over the meridional Tshwane area. 
The y-axis is the model level within CCAM-CABLE, 
with altitude increasing as model levels increase. 
Results for 02h00 UTC and 14h00 UTC are shown 
in Figure 7. 

The UHI, associated with the built-up areas of 
Tshwane, is distinctly visible in the vertical profile of 
the atmosphere during night-time. The “*” in the 
night-time graphs in Figure 7 are shown just to 
highlight the “dome” above Tshwane. The anomaly 
associated with the UHI has a magnitude of +0.5 to 
+1 °C compared to ambient conditions associated 
with larger regional conditions. This UHI anomaly is 
centred at -25.75°S (top night figure), 28.1°E (bottom 
night figure), in the vicinity (at the surface) of the City 
Centre.  
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Figure 6: The CCAM-CABLE ERA Reanalysis 

simulated seasonal mean screen temperature (°C) at 

02h00 (SAST) for spring (SON) 2006-2016 over the 

City of Tshwane at a horizontal resolution of 1 km. The 

dashed lines indicate the transects used in the analysis in 

Figure 7.  

 
 

 
Figure 7: The CCAM-CABLE ERA Reanalysis 

simulated seasonal air temperature (°C) for night (02h00 

(UTC); left) and day (14h00 (UTC); right) for summer 

(DJF) 2006-2016. Latitudinal and Longitudinal transects 

are shown as dotted lines in Figure 6. The “*” in the 

night-time graphs are to highlight the “dome” above 

Tshwane 

4. Conclusions 

Simulation of the City of Tshwane in the current 
climate was performed with the CCAM-CABLE 
regional model at a horizontal resolution of 1 km with 
the urban scheme in order to resolve temperature 
differences between urban areas and rural areas 
(i.e. Urban Heat Island). The general spatial 
distribution of the simulated temperatures (i.e. a 
climatology showing cooler temperatures in the 
southeast moving towards warmer temperature in 
the northwest) were similar to the long-term 
data/model fusion datasets that are currently 
available (not shown). The urban form is not 
accounted for in these long-term data/model fusion 
datasets. 

In this analysis, the screen temperature was used 
due to its relevance to health impacts. All of the 
common characteristics of UHI were seen in the 
simulated temperatures, which indicates that the 
model is simulating a UHI.  

 The urban areas were simulated to be warmer 
than the rural areas, with the peak difference at 
night-time. The UHI was most visible in 
minimum screen temperatures 

 The increases in screen temperature were seen 
over areas with higher urban fraction. The 
spatial and seasonal variations in the simulated 
surface temperature were similar to those from 
selected satellite derived land-surface 
temperature (not shown).  

 On a seasonal scale on average for the domain, 
the UHI was larger in May-August, when 
Tshwane experiences calm and clear 
conditions.  

 The simulated vertical temperature also 
showed an increase in temperature, i.e. a 
bubble of warm air, over the urban areas.  

 

5. Future work 

The CAMx air quality model has yet to be run for 
this project and as a result, the impact of the UHI on 
urban air quality has not been simulated for this 
study. However, previous studies have found that air 
quality is sensitive to changes in temperature as, 
amongst other factors, it impacts the emission, 
dispersion and formation of pollutants (e.g. Massad 
et al., 2019). For example, increased temperatures 
impact the photochemical reactions that results in 
the formation of ozone in the atmosphere (Akbari et 
al., 2016).  

It is important to note that besides temperature, 
there are other factors of a UHI that affect air quality 
in these urban environments. This includes changes 
in local meteorological parameters. The intensity of 
the UHI is related to the movement of air within the 
urban region. The UHI influences the height and the 
vertical velocity of the boundary layer over the urban 

* 

* 
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area (Lai et al., 2009). These dynamics can also play 
an integral role in the dispersion of air pollutants, and 
thus are expected to also impact on simulated air 
quality. 

These simulations provide a strong starting point 
to investigate how the UHI, and in the future air 
quality, will alter under a changing climate and a 
growing City, as well as the impact of potential UHI 
mitigation interventions.     
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Management of fugitive emissions starts with a reliable assessment of the priorities for treatment, which in 
turn depends on an understanding of the relative magnitude of the emissions of multiple sources on a site. 
Measuring fugitive emissions is complicated and potentially expensive, especially if the source is relatively 
diffuse and measurement conditions are difficult. The rise in popularity of Unattended Aerial Vehicles (UAV) 
or drone technologies potentially presents some interesting opportunities. 

This paper reports on fugitive measurement of dust and combustion gases from various sources on a 
metallurgical site using an Argras M1S UAV with relatively conventional monitoring devices. 

A literature review indicated that UAVs were being used for similar projects but that the instrumentation was 
generally subject to weight limitation and generally used a proxy measurement, sometimes corrected with 
measurement from a local ground station for calibration. Often the focus was on direct measurement of 
concentration close to a source, particularly where the source was relatively inaccessible. 

The practicalities of operating UAVs are demanding and many facilities and regions ban or restrict their use. 
We were able to secure permits and clearances to operate. The sampling then required coordination between 
the technician, pilot and operations personnel 

The measurement equipment was calibrated before and after each campaign. The UAV carried the 
equipment 10 m below it. A regular pattern was flown so as to intersect the plume repeatedly, insodoing 
measuring a cross-section of the plume concentrations. An integrated concentration profile was thus 
measured. Wind speed data transformed concentration to a flux, allowing the technician to calculate a total 
emission from the notional fugitive release. 

The method was successfully applied, and a variety of sources were mapped and characterised using this 
technique. There are several ways in which the technique could be automated and improved but it represents 
a promising approach to assist managers deal with diffuse sources.  The data was collected as part of a 
commercial campaign and is not presented in this paper. 

   

Keywords: Fugitive emission, source ranking, UAV, sensors 

 
1. Introduction 

The effort to prioritise and control multiple points 
of potentially hazardous emissions relies on a sound 
understanding of the quantum of the various 
sources.  Of concern are fugitive or uncontrolled 
releases but the assessment of their relative  
importance often relies on a subjective measure. 

The emissions themselves are subject to the 
vagaries of air movement around the source, which 
itself, in turn, may be variable.  The unconstrained 
nature of the plume makes a point measurement at 
or near the source challenging, even if it is safe to 
execute. 

Unattended aerial vehicles (UAV’s, also referred 
to as drones) represent an attractive mechanism for 
collecting a sample safely.  However, they potentially 
suffer from the same limitations of a point sampler if 
they are not applied to characterise the mass 
emission from the point. 

We considered various strategies for using the 
UAV to measure the flux of the pollutant of concern 
remotely while using meteorological data to 
calculate the mass emission from the point of 

release.  Insodoing, the various sources tested could 
be ranked in magnitude for treatment and the 
effectiveness of any controls assessed.  As the final 
results are commercially sensitive, they are not 
presented in this paper. 

2. Problem statement 

2.1 Fugitive sources 
Fugitive sources of air pollution represent any 

uncontrolled point, area or line emission. Their size 
can vary from a pinhole to a road or building, for 
instance.  The challenge to operators’ intent on 
reducing their emissions to atmosphere is to identify 
and control these features.  In a scenario where 
there are multiple sources, the prioritisation can be 
daunting and appearances frequently misleading.   

Sources are often identified by visual or 
organoleptic observations.  Leak detection 
programmes use structured assessments where 
multiple possible sources of failure are regularly 
assessed by manual measurement and 
documentation.  Where these are small sources, it 
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may be possible to contain the emission (by bagging 
it, for example), treating it as constrained source and 
thereby measureing the mass emission. 

Often, though, the points are well recognised, but 
difficult or even dangerous to constrain. Controls 
may have been introduced to limit the fugitive 
emissions but the effectiveness of the controls may 
be poorly understood.  Spectacular plumes of water 
vapour may be considered more problematic than 
diffuse but continuous gas emissions (and the 
frequency with which pictures of cooling towers 
juxtaposed with a winter evening sunset are 
presented as an illustration of air pollution in the 
popular press is just one example).  Better data is 
needed to underpin the assessment of fugitive 
sources. 

From a measurement perspective, the fugitive 
plumes represent various challenges: they will move 
under the influence of the prevailing wind and the 
strength might vary with the operation approach on 
any given day. Typically monitoring campaigns are 
time constrained and the technician will need to 
complete the assignment allowing for such 
variability. The monitoring plan must be sufficiently 
robust to allow for such changes.  

 

2.2 UAV opportunity 
Remotely controlled aerial and terrestrial devices 

are finding increasing application as a relatively low 
cost, mechanised tool for measurement and 
observation. Benjamin Franklin’s kite-lightning 
experiments may represent some of the earliest and 
more alarming examples of this idea.   

 NASA space probes epitomize some of the first 
sophisticated and possibly most extreme examples 
of the tool.  Over the past decade, the technology 
has moved to aerial and consumer devices that, 
while proving a headache for regulators have seen 
widespread adoption and innovation in use-cases. 

Flying drones or UAV’s could logically be applied 
in the measurement of air conditions and the 
assessment of air pollution.  A preliminary and 
cursory review of readily available literature (not all 
referenced in this paper) suggests that the bulk of 
applications are in the rapid and automated 
identification of fugitive sources: examples include 
recent papers by Fox et al (2019), that use UAVs 
with sensors as one of a range of techniques for leak 
and emission-point detection.  This use-case 
includes policing of sources such as ships entering 
territorial waters to determine whether low sulphur 
fuels are in use, identifying leaks in long pipelines, 
scanning of fields or landfills to identify methane 
emission points.  

An approach to calculate emission factors for 
mines was reported by Alvardo in 2017.  Their 
technique involved a validated methodology for 
calculating point source emissions using multiple 

average readings collected by a UAV flying a 
repetitive path.  The emission rates are modelled 
based on the measurement data.  They claim to be 
able to calculate emissions with low uncertainty 
using this procedure.   

2.3 Limitations when using UAVs for 
measurement 

The inherent attraction of UAV use is that a 
relatively inexpensive platform could be applied to 
make numerous, rapid measurements.  UAV’s, 
though, have some distinct limitations. 

2.3.1 Payload 
Smaller devices have limited payload or carrying 

capacity.  For air monitoring, this has often resulted 
in very light but unsophisticated devices being used 
for measurement.  These sensors may have severe 
limitations for serious study. 

Larger UAVs are increasingly commonplace and 
these allow the transport of more conventional, 
battery-powered monitors which can be field-
calibrated. 

2.3.2 Legal requirements 
UAV usage has been restricted in many 

jurisdictions.  In South Africa, the Civil Aviation 
Association requires the operator of a UAV to meet 
licence requirements similar to that of a commercial 
pilot and has restricted the areas in which the craft 
can be used. 

Countries such as Namibia have further required 
each flight or series of flights to be subject to specific 
flight plan approval with a not insubstantial 
processing fee.   

Concerns center on pilot skill and UAV 
performance, particularly in the event of loss of 
remote control.  This would be of concern where the 
UAV was operated near people or sensitive 
installations. 

 

2.3.3 Range and endurance 
The spatial range of the UAV is typically limited by 

the ability of the operator to control the device.  For 
non-GPS-driven units, the operator should be in 
visual contact with the craft.  Safety features may 
also limit the vertical range to prevent inadvertent 
flight into recreational or commercial airspace. 

The endurance (or the time that the UAV can 
spend aloft without recharging or refuelling) is often 
a limitation.  As most UAV’s are battery operated, 
this is typically a function of the capacity of the 
batteries that power them.  Endurance is restricted 
by the weight of the craft.  The interplay between 
heavier (presumably higher capacity) batteries and 
weight disadvantage is therefore a functional choice 
in every design. 
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For the purposes of air monitoring, the capability 
of the measurement sensors is frequently a function 
of their weight.  When planning a monitoring 
campaign, the interplay will be between the UAV 
payload, endurance, sensor weight and sensor 
capability will need to be considered.   

Of the papers we identified, three opted for 
lightweight sensors that were corrected with 
calibration factors after the measurement (Avarado 
et al, Fox T. et al, 2019 and Martha A. et al, 2003). 
Often this involved complex ground-based co-
measurement. In contrast, Martha et al (2003) used 
a ground-based station in a similar configuration to 
that we proposed.  Their low-uncertainty 
measurements were of methane and were 
conducted on the perimeter of the site, allowing for 
the near-ground level measurements only feasible 
for emissions at ground level. Our intention was to 
conduct direct measurements while limiting the need 
for post processing of data by using conventional 
sensors as far as possible.  

3. Monitoring approach 

3.1 The equipment 
3.1.1 Measurement devices 

After reviewing a range of lightweight sensors that 
were readily available in our region and considering 
the data quality restrictions associated with each, we 
opted instead for conventional monitoring devices. 

For gas measurement we selected a Testo 350, 
which includes a data logger, battery power and an 
internal sampling pump as well as being capable of 
measuring various gases, including sulphur dioxide, 
nitric oxide, carbon monoxide and carbon dioxide.  
The readability of the instrument is stated to be 
1 ppm and the SO2 sensor has a response time of 
30s. 

For particulate measurement, we selected a TSI 
Dustrak II which uses a light-scattering, particle 
counter to quantify total suspended dust 
concentrations (with no size selection options 
applied).  The instrument reports particle size 
fractions up to 15 µm.  The instrument was moved 
perpendicular to the plume at approximately 1 m/s.  
Wind speeds over the survey varied from 1 to 3 m/s.  
There is a risk that the flow at the inlet to the 
instrument will not be isokinetic but there was no 
option to effectively control the flow int his 
configuration. 

The Dustrak needs to be calibrated for each target 
dust type.  This was performed using a conventional 
occupational hygiene test method (NIOSH 0500) 
whereby a collocated pumped sample was passed 
through a filter placed next to the inlet of the Dustrak.  
We needed a point of fugitive emission similar to the 
main emission plume but that was rather more 
continuous to conduct this three to four-hour test.  

We were able to identify such a point and collect two 
samples for calibration.  A factor of 1.3 was applied 
to the Dustrak results for direct correlation with the 
gravimetrically-derived dust concentrations. 

The mass of the two instruments was 
approximately 12 kg, which in turn defined the type 
of UAV that was required. 

3.1.2 UAV selection 
The payload needed precluded most off-the-shelf 

drones.  We briefly considered tethered devices 
(which use assisted loft but need to be attached to 
the operator with a long lead line) but excluded them 
for reasons of agility and safetly (for operations near 
buildings where the tether might snag).   

Agricultural spraying UAV’s appeared to offer a 
reasonable compromise between agility, endurance 
and payload.  Sprayers are designed to transport 
tanks of liquid and are thus intended to transport 
small loads.  The following UAV was identified: 

1. OJI Agras MG 1 S RTK  
a. Eight rotors with 1m span  
b. Fifteen minute endurance with 
15kg load  
 

The Argas’s eight rotors generate downdraft that 
we needed to ensure did not interfere with the gas 
sample.  The instruments would need to be slung 
below the craft at a distance where no discernable 
interference could be determined.  We conducted 
trials on a calm day where we measured the 
horizontal and vertical airflow at 1 m intervals while 
the craft hovered at load above the measurement 
point.  Tests were conducted using a vane 
anemometer with a two meter extension arm.  The 
instrument had a readability of 0.6 m/s.  At 8 m, no 
downdraft could be measured.  We therefore set 10 
m as height with suitable safety margin as the length 
of the sling.  Alvarado et al relied on an extended 
sampling probe to avoid rotor interference but our 
concern was that this tubing itself might interfere with 
the sampling process: there is a risk that particulate 
will be trapped on the walls of the tubing, introducing 
negative bias in the measurement. 

We then conducted trials for maneuverability and 
safety in an open area before concluding that the rig 
could be safely operated and would achieve the 
objective. 

We were thus equipped with a conventional 
monitoring bench end an agile platform that could 
move these instruments to the desired locations. 

The final arrangement is shown in Figure 1, 
below. 

3.2 Test methodology 
To quantify the point emissions, we proposed a 

measurement and mass-balance approach that 
would measure the flux of the pollutant and the 
cross-sectional area of the plume at a given distance 
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 Figure 1: Arrangement of drone aircraft and instruments 

for fugitive testing  
 

 
from the source; using this data along with the 
duration of each emission event we postulated that 
we could calculate the cumulative mass of material 
emitted during an fugitive cycle. 

Ideally, the location of measurement should be 
close enough to the source so that the lateral plume 
dispersion was limited while allowing for safe 
positioning of the instruments and the operator (who 
needs to remain in visual contact with the craft).   

Figure 2, below, shows the typical pattern that 
was flown for the measurement.  The following data 
was collected during each mission:  

1. The continuous particulate and sulphur 
dioxide concentrations were recorded 
throughout the mission and the synchronised 
time of each leg was recorded by observation.  
2. The downwind distance from the source (at 
which the perpendicular legs were flown) was 
measured.  
3. The horizontal plume cross-sectional 
distance was measured on the ground by 
observation.  The UAV measured height above 
ground level and the operators cross-
referenced this against the height of nearby 
structures.  For future surveys, this 
measurement would be improved with the use 
of secondary sensors.  For the purposes of this 
survey, the vertical dimension represented the 
greatest uncertainty of physical measurement. 
4. The vertical plume cross-sectional distance 
was measured by comparison with nearby 
structures  
5. The wind direction and wind speed were 
recorded by a weather monitor operated on the 
site. 

 

 
Figure 2:  

Typical path of the instruments through the plume, with 
illustrative concentration response  

 
The instruments were flown a flight plan that 

followed a series of transect paths at progressive, 
stepped, horizontal paths with data logged 
continuously.   Immediately after each run, the data 
was inspected for integrity and downloaded.  Three 
flights were conducted per source for statistical 
comparison. 

The total flux for each pollutant could then be 
calculated by integrating the concentration over 
each segment and taking the sum of the 
contributions.  

The total mass emission was estimated to arise 
from a single source point closet to the diffuse origin 
of the plume, allowing an emission rate to be 
calculated for each of the main fugitive releases. 

Site personnel provided information on both the 
average duration of each fugitive event (as the 
observed periods were variable) and the typical 
number of events per day.  This allowed us to 
extrapolate the average measured emission to a 
daily and annual release rate that could be 
incorporated into an emission inventory.  

3.3 The process under consideration 
The process was a metallurgical refinery that had 

several materials handling sources and furnaces. 
While most major unit-operations included 
sophisticated gas capture and treatment trains, the 
operator was concerned that they did not fully 
understand the strength of various uncontrolled 
sources that they had observed. They wished to 
update their emission inventory to understand the 
relative impacts of the fugitive sources on the site.  
The main pollutants of concern were particulate 
matter, sulphur dioxide and to a lesser extent nitric 
oxide. While a number of these processes took place 
in relatively open areas, some were inside buildings 
and the gas would be released through various 
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openings and vents in the walls and ceilings of the 
buildings.  

An added complication was that the fugitive 
emissions occurred irregularly. While the emissions 
events were typically associated with specific 
interventions required for the processes (filling or 
emptying the reactor, for example), these actions 
were conducted as and when the chemistry dictated 
(and certainly not for the convenience of the 
technicians conducting the emission 
measurements). Emission events were therefore 
driven by an approximate schedule, but they were 
often dictated by physiochemical tests as the 
metallurgical reactions proceeded. 

A work plan based on an understanding of how 
the measurement exercise might be best executed 
in an efficient time frame was drawn up in 
conjunction with the senior operations team at the 
outset of the test programme. This involved moving 
between various points on the site as events were 
anticipated and then trying to coordinate with the 
local operators to capture the specific events as 
quickly as possible. The fuller definition of the term 
“fugitive” (as a source that is ephemeral or in hiding 
becomes more apparent).   

 

3.4 Assumptions implicit in the methodology 
The methodology implies several assumptions: 

a. The background air contained no 
appreciable levels of pollution, which 
was generally the case.  This was 
demonstrated both before and after 
each flight by the downwind null 
measurement before and after each 
event but there were not enough 
instruments available for continuous 
confirmation during the test. 

b. For the duration of the flight we 
assumed that the intensity of the release 
from the source was consistent. We also 
flew the path as quickly as possible to 
limit the opportunity for variation.  

c. The plume dimensions were assumed 
to be consistent. As the day warmed up 
and the turbulence in the atmosphere 
increased, so this assumption was 
tested.  In general, the bulk of the flights 
were conducted in the early morning 
and the evening in order to benefit from 
a stable atmosphere.  

d. The nature of the particulate matter in 
the plumes was consistent during each 
run and with the calibration source 
identified on site.  

e. The vertical mapping was reliable. We 
attempted to check this by direct 
observation from elevated structures.  
The UAV also reported height above 

ground which the operator recorded per 
leg. In future this could be enhanced 
with the use of coordinated GPS.  

f. The wind speed was as recorded as 
measured at 10 m with no adjustment 
for height above ground level. 

g. The shape of the plume was 
comparatively regular as measured 
during each transect. 

4. Results 

4.1 Measured results 
The measured results from a flight through a 

heated, ground level plume are shown in Figure 3, 
below.  The graph shows the results of three 
transects through the plume, following 5, 10 and 
15 m altitude transects.  Results are shown for 
sulphur dioxide and particulate matter. 

The three paths illustrate different concentration 
profiles with altitude.  Although the transects took 
different times to fly, the duration is a function of 
trying to keep a steady line with the slung 
instruments than the distance of the leg.  The actual 
dimensions of each transect were recorded by 
observation and then measured on conclusion. 

4.2 Calculated emissions 
The emission is calculated as follows: 
 

𝑚𝑚𝑒𝑒 =  𝑡𝑡𝑒𝑒 .𝑊𝑊.�𝐶𝐶�̅�𝑇 . 𝑙𝑙𝑇𝑇�ℎ𝑇𝑇 − ℎ(𝑇𝑇−1)�
𝑛𝑛

𝑇𝑇=1

 

Where 
 𝑚𝑚𝑒𝑒 = mass emission for the event 
 𝑡𝑡𝑒𝑒 = time elapsed for event 
 𝑊𝑊 = wind speed at 10 m above ground 
 𝑇𝑇 = transect number 
 𝐶𝐶̅ = average concentration of pollutant 
 𝑙𝑙 = length of the transect 
 ℎ = height of the transect 
 
Note that, for calculation, it might be necessary to 

adjust for the transect heights at the top and bottom 
of the flights if the source is elevated and if the top 
transect returned a negligible result. This will ensure 
that the area of the flux is correctly estimated.   

The mass emission is reported as the mass of 
material that is emitted over the duration of the 
fugitive event.  This can be used to calculate the 
daily or annual emission for emission inventory 
purposes by multiplying the mass emission per 
event by the number of events during the relevant 
time period.   

 

4.3 Presentation of results 
As most events were relatively short (five to fifteen 

minutes), it should be noted that low intensity 
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emissions that endure can contribute significantly 
more than a brief, spectacular emission.  

The commercial results were presented as an 
average daily emission for direct comparison with 
fixed point sources, also measured in a separate 
survey.   The results could be ranked for prioritisation 
so that the site’s environmental management team 
could prioritise containment and treatment of the 
fugitive emissions.  In addition, existing fugitive 
control technologies and systems could be reviewed 
for effectiveness. 

5. Conclusions 
The use of a UAV and rather conventional air 

measurements devices allows for a reasonably 
reliable mechanism for the relative assessment of 
fugitive air pollution sources on a site.   

The application of UAV’s requires careful safety 
and regulatory compliance preparation and it may 
not even be possible to apply it in all areas.  

While there is certainly scope to improve this 
method, it served as a valuable ranking technique for 
multiple sources of similar emission profile.  

It is important to supplement the survey with good 
records on the duration and frequency of occurrence 
of fugitive emission events.  The tendency appears 

to be that short-duration, spectacular emissions are 
over-ranked when compared to low-intensity, 
enduring emissions.  Quantitative data means that 
the right choices can be made by environmental 
management. 
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Figure 3: Concentration versus time trend in sulphur dioxide and particulate matter (PM) as measured during a 
flight path.  The Y axis is the absolute concentration of PM (mg/m3) and Sulphur Dioxide (ppm).  The graph 

shows the continuous trend of the two components during three stepped transects.  The zero intervals between each 
transect represent the period where the UAV (and instruments) were raised to the next transect level (outside the 

limits of the plume). 
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Microscopic and spectroscopic techniques were applied for the characterisation of 
atmospheric particulate matter (PM) samples collected from opencast coal mines and 
adjacent communities in the Mpumalanga and Limpopo Provinces in South Africa to 
determine the contribution of the mining operations to PM levels in the communities. The 
applied techniques include Scanning Electron Microscopy (SEM) with Energy Dispersive 
X-ray Spectroscopy (EDS), reflectance microscopy (reflectance), optical microscopy, X-
Ray Photoelectron Spectroscopy (XPS), Raman Spectroscopy (Raman) and 
Thermogravimetric Analysis (TGA). Atmospheric PM samples of ˂10 microns (µm) were 
sampled through active ambient PM10 monitors (Minivols) and passive diffusive samplers 
placed within three opencast coal mines, i.e two opencast coal mines in the Mpumalanga 
Province and one in the Limpopo Province, and in three adjacent community areas i.e 
Delpark (Delmas) and Clewer (Emalahleni) in Mpumalanga Province and Marapong 
(Lephalale) in the Limpopo Province. The morphological characteristics, particulate 
dimensions and chemical compositions of these PM samples could be characterised 
using the combination of SEM-EDS. SEM-EDS analysis also enabled the differentiation 
of elemental carbon (EC) and brown/ organic carbon (OC). Reflectance analysis did not 
yield useful results due to the resolution limits of the light microscope. For XPS analysis, 
information on the surface chemical compositions of the atmospheric PM samples was 
obtained and comparisons were made with chemical composition information obtained 
from SEM-EDS. However, instrument limitations did not permit XPS analysis to 
differentiate between EC and OC for the purposes of emission source identification. 
Raman spectra were observed for the opencast mines and communities’ atmospheric 
PM samples. The use of optical microscopy enabled the quantification of atmospheric 
PM concentrations, the determination of atmospheric particulate dimensions and 
morphological characteristics, although with less detail when compared to SEM-EDS 
results. 

Keywords: SEM-EDS, characterisation, atmospheric PM, elemental carbon, organic 
carbon, reflectance, morphology, opencast, dimensions, concentrations.  

 

1. Introduction 

1.1  Air Pollution 

 
Air pollution and its negative impacts on 

health and the environment have been 
documented over the years, with references 
dating as far back as the Industrial Revolution 
(Bloss, 2014). Globally, a significant number of 
regions face environmental crises due to severe 
air pollution and its negative impacts on health 
and the environment. There are various causes 
of air pollution and these include population 
growth, rapid urbanisation and migration, 

industrial developments and economic growth, 
transport related emissions due to 
unprecedented levels of vehicle numbers and 
other modes of transport and the increase in 
energy demand, production and consumption 
(Laskin et al., 2012). These developments have 
culminated in the increase of anthropogenic air 
pollution emissions of unprecedented severity 
and extent (Mishra et al., 2013). 

 
South Africa is no exception where air quality 

degradation due to high air pollution levels in 
some regions is concerned. This is evidenced 
by the declaration of certain regions as air 
quality management priority areas. Three 
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priority areas have declared in South Africa so 
far and these are the Highveld Priority Area, 
Waterberg-Bojanala Priority Area and the Vaal 
Triangle Priority Area (Department of 
Environmental Affairs, 2018). Anthropogenic 
sources of air pollution in all these areas include 
industrial facilities, power generation, transport, 
agricultural activities and coal mining 
(Department of Environmental Affairs, 2011). 

 

1.1.1 Opencast Coal Mining and Atmospheric 
Particulate Matter Emissions 

 
In South Africa, coal is a significant source of 

primary energy and plays a pivotal role in 
powering the country’s economy, including job 
creation and is seen as one of the means of 
meeting the goals of the National Development 
Plan-2030. The objectives of the National 
Development Plan include the elimination of 
poverty and reduction of inequality by 2030.  
which requires rapid economic growth, largely 
powered by various industrial activities such as 
coal mining, albeit with serious concerns on air 
pollution and other forms of environmental 
pollution. 

 
Although the generation of PM is associated 

with all types of mining activities, open cast coal 
mining has been identified as one of the 
contributors to ambient PM emissions, 
particularly opencast coal mining (Gautam et 
al., 2012). Atmospheric PM is generated in 
opencast coal mines through activities such as 
excavation, drilling and blasting, materials 
handling, wind erosion of stockpiles and open 
areas, vehicle entrainment of dust, processing 
plants, spontaneous combustion, crushing and 
screening (Chaulya, 2004). Coal dust 
emissions have historically been a source of 
concern, mainly due to occupational health 
impacts for mine workers (silicosis and coal 
worker’s pneumoconiosis), health impacts on 
surrounding communities and environmental 
impacts (Sellaro et al, 2015 and Petavratzi et al, 
2005). Coal dust also presents other potential 
hazards such as coal dust explosions 
(Petavratzi et al., 2005).  

 
Atmospheric PM of 10 μm or less (>2.5 μm) 

is also referred to as inhalable particulates and 
is of significant relevance with regards to human 
health effects (Kunzli and Tager, 2000; Albers 

et al., 2015; Kesavachandran et al., 2017). 
Atmospheric PM can also sub-divided into 
respirable (less than 2.5μm) and thoracic 
(below 10 μm) (Ma et al., 2018; Lipsky et al., 
2001). Respirable particulate matter is the 
fraction of inhaled atmospheric particulates 
which can penetrate further than the 
bronchioles into the gas exchange section of 
the lungs (Hartmann et al., 2016; WHO, 2004).  

 
Given the health and environmental impacts 

of atmospheric PM, the contribution of opencast 
coal mining to atmospheric PM emissions is of 
interest. It is in this context that identifying the 
coal component collected dust is important.  

 

1.2 Atmospheric PM Characterisation 
Techniques 

 
Recently, there have been major advances 

with regards to instrumentation and analysis 
techniques for the purposes of identifying, 
characterising and quantifying atmospheric coal 
dust or atmospheric PM (Baeten and Dardene, 
2002). These analysis techniques include 
microscopy and spectroscopic techniques such 
as SEM, EDS, transmission electron 
microscopy (TEM), reflectance microscopy, 
XPS, Raman and image analysis techniques 
(Adams, 1994; Caccucio et al., 2002). Other 
analysis techniques include TGA (Li et al., 
2005), thermo-optical techniques for the 
differentiation between elemental and organic 
carbon (Poschl, 2003), single particle 
inductively coupled plasma-mass spectrometry 
(SP-ICP-MS). 

 
Spectroscopy is an important field of science 

and research which is used for the 
characterisation of matter and involves the 
study of the interaction of electromagnetic 
radiation with matter (Smith, 2016). Its use in a 
number of fields of study, particularly in the 
biology, material science, environmental 
science, drugs, chemistry, health science and 
nanotechnology fields have spurred advances 
in spectroscopic techniques (Olson, 2018).  
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2. Methodology 

2.1 Selection of Study Areas 
 

Selected PM ‘hotspots areas’ characterised 
by coal mining activities in the Highveld Priority 
Area and Waterberg-Bojanala Priority Area are 
considered. A total of 3 opencast coal mines 
and 3 community areas located adjacent to 
these opencast coal mines were selected for 
the study, taking into account security of 
monitoring equipment, accessibility and 
prevailing wind direction for the determination of 
the site dispersion potential. These areas 
comprise Clewer in Emalahleni, Delpark near 
Delmas and the residential area of Marapong in 
Lephalale (Limpopo) (Figure 1). The selected 
areas, particularly in the Mpumalanga Province, 
have a high concentration of coal mining 
activities, particularly in Emalahleni. The 
communities of Clewer and Delmas are located 
adjacent to the coal mining operations (Figures 
2, 3 and 4). 

 

 
Figure 1: Location of Emalahleni, Delmas and 

Lephalale within the HPA and WBPA (DEA, 2011) 

Figure 2: Location of Delpark relative to opencast 
coal mining activities in Delmas, Mpumalanga 

(Google Earth, 2018). 

 
Figure 3: Location of Clewer relative to opencast 

coal mining activities in Emalahleni, 
Mpumalanga (Google Earth, 2018). 

 

 
Figure 4: Location of Marapong and Lephalale in 

Limpopo Province (Google Earth, 2018). 

2.1.1 Passive Sampling 

 
Atmospheric PM sampling was performed 

during the month of March 2018 for 24 hours at 
each study area or location (three different 
opencast coal mines and three communities). 

 
The identified sources of emissions in both 

the Mpumalanga and Limpopo study areas 
include power generation activities and other 
industrial sources of emissions, domestic fuel 
burning and clay brick manufacturing. 

  
Locally produced outdoor passive samplers, 

made from aluminium, were deployed to the 
study areas (Figure 5) (Mukota and Kornelius 
2018; Wagner and Leith 2001). 

 

 
Figure 5: Passive diffusive samplers (Kornelius 

and Mukota, 2018). 
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Collection of atmospheric particulates in 
passive samplers is through diffusion, gravity 
and convective diffusion onto the 10mm 
diameter glass cover slips (previously cleaned 
with distilled water, 100% ethanol and dried 
using compressed air) that were placed at the 
base of the passive diffusive samplers. An 
outdoor shelter was used to protect the passive 
samplers from weather elements such as rain, 
as this would introduce experimental errors in 
the sampling and potentially impact on the 
accuracy of the study results. 

 
The exposure time for the passive samplers 

was limited to a period of 24 hours to avoid 
excessive particulate loading and cluster 
formation due to over-exposure of passive 
samplers. This is due to the fact that for 
morphological and chemical analyses of 
particles using SEM-EDS, the best results are 
obtained when particles are separated from 
each other (Genga et al, 2013). 

 
After sampling, the cover slips with the 

samples were transferred onto clean, well 
labelled glass slides for analysis using SEM-
EDS (Figure 6). 

 

 
Figure 6: Glass slides with atmospheric PM 

samples on cover slips. 

 

2.1.2 Active ampling 
 
A Minivol sampler equipped with a size 

selective inlet for 10 µm was placed at each of 
the selected opencast mines and residential/ 
community areas. The same opencast coal 
mines and residential areas selected for the 
passive sampling campaign were included in 
the active monitoring campaign. Sampling was 
undertaken during the month of March 2018. 

Pre-weighed polytetrafluoroethylene (PTFE) or 
Teflon filters were used for monitoring 
purposes. The Minivol samplers were exposed 
for a period of 24 hours at each monitoring site 
and the actual volumetric flow rate for each 
sampler was set at 5 litres per minute (5 lpm) at 
ambient conditions. After completion of the 24-
hour sampling period, each Teflon filter was 
placed in labelled containers in preparation for 
particulate matter sample analysis using XPS, 
Raman and TGA. A previously weighed blank 
filter paper was used.  

 
Atmospheric PM concentration in the 

ambient air was calculated using the total mass 
of collected particulates in the PM10 range, 
divided by the total volume of sampled air. The 
PM10 concentrations of the samples were 
expressed in (µg/m3). 

 

2.2 Sample Analysis 

2.2.1 XPS 
 
XPS was performed using the PHI 5000 

Scanning ESCA Microprobe X-ray 
photoelectron spectrometer, was employed for 
the purposes of determining the surface 
chemical compositions of the samples and for 
differentiating EC from combustion related 
activities and OC from coal mining and other 
activities.  
 

Filter samples from the communities and 
opencast coal mines were placed in the PHI 
5000 Scanning ESCA Microprobe X-ray 
photoelectron spectrometer sample chamber. 
The surface compositions and the chemical 
states of elements in the filter samples were 
then determined. Carbon was the critical 
element in the analysis given the objective of 
differentiating EC and OC. 

 
For the identification of the chemical state of 

the atomic species in the samples, high 
resolution spectra were collected. Survey 
spectra of the atmospheric particulates were 
collected through a 100 μm diameter 
monochromatic Al Kα x-ray beam (hν = 
1486.6eV) generated by a 25W, 15kV electron 
beam, 187eV Pass energy, 1 eV/step 
100ms/step and UHV Base Pressure 2.8E-
9 Torr. High resolution spectra for the 
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atmospheric particulates were also collected 
through a 100μm diameter monochromatic Al 
Kα x-ray beam (hν = 1486.6eV) generated by a 
25W, 15kV electron beam, at an energy 
resolution of 0.5eV. Sputter for the analysis was 
done using an Argon (Ar) ion gun at 2kV 2uA 
1x1mm Raster and a sputter rate of about 
4.5nm/min. 

 

2.2.2 Optical Microscopy 
 
Samples placed on clean glass slides were 

viewed using a light microscope, Zeiss Imager- 
A1m Microscope (Carl Zeiss, Germany), set up 
with Kohler Illumination and equipped with a 
digital camera AxioCam MRc5 (Carl Zeiss, 
Germany). The samples were viewed at 200X 
magnification with a ~6mm exposure diameter. 
Background subtraction and shading correction 
were undertaken on the optical microscope 
before sample analysis, with shading correction 
applied to correct for stray light and non-
uniformity in the optical microscope illumination 
system. Background subtraction and shading 
correction enable the quantification of 
intensities and improvement in image quality.  

Photographs of the samples were taken 
using a specific Cartesian plane pattern 
enabling the capture of the entire surface. The 
light intensity, hue, saturation and background 
were kept constant for all photos by setting the 
measurement parameters, so enabling a 
uniform histogram.  

 
Quantification of the atmospheric PM 

concentrations was undertaken through 
imaging of each glass cover slip. Particle sizing 
and counting was undertaken using the 
AxioVision SE64 software. Particle diameter 
(µm), particle area (µm) and perimeter (µm) 
were recorded for each particle. The maximum 
magnification of 200x used here does not 
provide an accurate count of particles smaller 
than 2µm; it is probably more accurate to give 
the result as PM10-2.5. 

 
To obtain the atmospheric PM 

concentrations, the equations applied by 
Mukota and Kornelius (2018) were used.  

  
The preparation of the collected atmospheric 

PM samples for SEM-EDS analysis involved 
carbon coating for the minimisation of specimen 

charging. Various magnifications of up to 
30,000X were applied during the analysis given 
the different particulate sizes.  

 
SEM and EDS analysis were not undertaken 

simultaneously due to the poor image quality 
obtained from EDS when used in conjunction 
with SEM. Poor image resolution presents a 
challenge during particle morphological 
analysis. Therefore, the applied procedure 
involved particle analysis and the capturing of 
high-resolution images using SEM, followed by 
elemental composition analysis using EDS for 
various individual and bulk particles. 

 
A Zeiss Ultra PLUS FEG scanning electron 

microscope operating at 15 kV and equipped 
with an Oxford X Max EDS (spectroscope) was 
used for sample analysis. In conjunction with 
the SEM-EDS hardware, Oxford Instruments 
Aztec 3.0 SP1 image analysis software 
provided imaging and graphical spectra results. 
A secondary detector was employed for the 
detection of secondary electrons from the 
samples due to its capability of yielding a good 
quality image and depth of focus resulting in an 
image with a three-dimensional perspective 
(Casuccio, 2002). The same approach was 
followed for EDS, where elemental analyses of 
individual particles and bulk atmospheric 
particulate analysis was undertaken using spot 
and area analysis.  

  

2.2.3 Raman Spectroscopy 
 

Raman was applied for the differentiation of 
EC and OC in the atmospheric particulate 
samples. This differentiation is critical given the 
various sources of atmospheric particulate 
emissions such as coal mining, power 
generation, domestic fuel burning and other 
industrial sources in the study areas.  

 
Raman analysis of a blank Teflon filter and of 

residential and coal mining atmospheric 
particulate matter samples (on Teflon Filters) 
was done using a T64000 Series II Triple 
Spectrometer system from HORIBA Scientific, 
Jobin Yvon Technology. The 514.3 nm laser 
line of a coherent Innova® 70C series Ar+ laser 
(spot size ~ 2 µm) with a resolution of 2 cm-1 in 
the range of 1200 cm-1–1800 cm-1 was used. 
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This is because the spectral region between 
1000 cm-1 and 1800 cm-1 contains the most 
detail on the structural information for 
carbonaceous materials.  
 

The undeconvoluted Raman spectra for all 
the opencast coal mines and communities’ 
atmospheric particulate samples were obtained 
in a backscattering configuration with an 
Olympus microscope attached to the instrument 
(using an LD 50x objective). The laser power 
was set at 1.7 mW. An integrated triple 
spectrometer was used in the double 
subtractive mode to reject Rayleigh scattering 
and dispersed the light onto a liquid nitrogen 
cooled Symphony CCD detector.  

 

2.2.4 TGA 
 

A Hitachi STA7300 TGA-DTA equipped with 
alumina crucibles was used for the TGA 
analysis of filter samples from the coal mines 
and sensitive receptor areas. The objective was 
also to differentiate EC and OC in the 
atmospheric particulate samples.  

 
All filter samples were run under instrument 

air (obtained from Afrox). The samples were 
ramped from 30°C to 1000°C at a rate of 
10°C/min under air flowing at a rate of 200 
mL/min. Once the samples reached 1000°C, 
they were kept isothermal for 20 minutes, 
before being cooled down. In each case, a 
section of the filter paper or disc was cut to the 
height of the crucible (5 mm) and coiled inside 
the crucible. The cut section was taken from the 
filter area judged to have the most deposit. 

 

2.2.5 Reflectance Microscopy 
 

Sample preparation for reflectance 
microscopy involved the extraction of dust 
particulates obtained from opencast coal mines 
from Teflon filter papers. Extraction of 
atmospheric PM from the filters was performed 
using alcohol (ethanol). The filters with the 
substrates or atmospheric particulate samples 
were submerged in a container with alcohol. 
The alcohol was then evaporated using a hand 
blow dryer for the purposes of collection of the 
atmospheric particulates that were dislodged 
from the Teflon filters. The collected 

atmospheric particulates were set afterwards in 
polyester resin blocks which were prepared 
using methods adapted from the South African 
National Standards for Coal Petrography SANS 
7404-1:1994. 

 
A Zeiss AxioImager M2M reflected light 

microscope with oil immersion lenses of x50 
and x100 was used to identify the particulates 
on the resin blocks. Images were taken using 
the Hilgers Diskus Fossil system attached to the 
microscope. 

3. Results and Discussion 

3.1 SEM-EDS 

3.1.1 Opencast Coal Mines’ Atmospheric PM 
Samples 

 
The observed results indicated differences in 

morphology and physical dimensions of the 
atmospheric particulates (Figure 7). The 
morphology of the particles varies from solid 
irregular, sharp edged, conical, chain 
aggregates and linear. The particle dimensions 
range from 1 μm to 50 μm, with the larger 
dimensions being attributed to solid irregular 
and linear atmospheric particulates (coarse 
particulates).  

 

 
Figure 7:Atmospheric particulates from an 

opencast coal mine sample (coal dust- brown 
carbon and geological material) 

Coal particulates are differentiated from other 
particulates within the samples due to their 
characteristic sharp, serrated edges, layered 
appearance and the lack of smooth spherical 
shapes which are characteristic of combustion-
derived particulates (Figure 8). However, 
differences are noted in atmospheric particulate 
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dimensions, type and morphology for all the 
atmospheric PM samples. This is an indication 
that the activities in the different opencast coal 
mines have an influence on particle 
characteristics, quantity of dust and 
composition of dust particles.  

 

 
Figure 8: Coal dust particulate (brown carbon) 

Fine chain agglomerates with smaller 
dimensions (>1 μm to 2.5 μm) are also 
observed in all the atmospheric particulate 
samples and consist of spherical particles of 
much less than 1 µm in dimension (Figure 9). 
These atmospheric particulates are identified 
as diesel particulate matter (DPM) associated 
with vehicle emissions and products of 
domestic fuel burning.  

 

 
Figure 9: Fine chain agglomerates (elemental 

carbon) 

 
Fly ash particulates are identified due to their 

spherical morphology and particle sizes of 
2.5 µm or less (Figure 10). Fly ash is emitted by 
power generation facilities and the presence of 
fly ash in the atmospheric PM samples is 
expected given the proximity of power stations 

to the opencast coal mines selected for the 
study in both the Mpumalanga and Limpopo 
Province. However, the percentage of identified 
fly ash particulates was less than 5% for all the 
opencast atmospheric PM samples.  

 

 
Figure 10: Fly ash  

The EDS analysis results indicate that coal 
dust particulates are characterised by the 
presence of elements such as carbon (C), 
magnesium (Mg), silica (Si), oxygen (O), 
chlorine (Cl), aluminium (Al), sulphur (S), 
potassium (K) and trace amounts of zinc (Zn), 
iron (Fe), titanium (Ti) and calcium (Ca). The 
detection of these elements also indicates the 
presence of minerals associated with coal dust. 
These minerals generally include dolomite, 
SiO2 in the form of quartz, and aluminosilicates 
such as kaolinite (AlSi2O5(OH)2), carbonates 
such as calcites (CaCO3) and illite (KH3O) (Al, 
Mg, Fe)2(Si, Al)4O10[(OH)2,(H2O).  

 

3.1.2 Community Atmospheric PM Samples 
 
The SEM-EDS results indicate that various 

atmospheric particulates are observed in the 
community samples and this includes coal dust 
particulates (Figure 11). The highest 
percentage of coal dust particulates is observed 
in the Clewer particulate samples and this is 
due to a number of adjacent coal mining related 
activities adjacent to this community. The SEM-
EDS results also indicate small quantities of fly 
ash in two of the community atmospheric PM 
samples (Clewer and Marapong). Geological 
and biological material is also observed. 
Potential sources of this material include soil, 
coal mining activities located adjacent to these 
communities and open grounds within the 
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community areas due to their susceptibility to 
wind erosion.  

 
The chain agglomerates of particles <1 µm 

observed in all the community particulate 
samples are identified as DPM emitted from 
vehicles and other diesel equipment due to their 
high carbon content (in some cases up to 99%). 
The chain agglomerates could also be products 
of domestic fuel burning. 

 
The chain agglomerates are largely identified 

in the Clewer atmospheric PM samples. This is 
due to the proximity of public roads, opencast 
coal mining activities (vehicle and diesel 
equipment emissions), and coal rail siding to 
this community. Domestic fuel burning in this 
community is also a contributor to emissions in 
the form of chain agglomerates. 

 
 

 

Figure 11: Atmospheric particulate morphology 
of PM from community atmospheric samples 

The EDS results for the community samples 
indicate the presence of semi-carbonaceous 
particulates that exhibit a carbon signature, 
albeit in low percentages, and elements such as 
Si, Zn, Fe, Al and K. Sources of these 
particulates include geological sources and coal 
mining operations.  

 

3.2 Reflectance Microscopy 

The analysis of the resin blocks with 
atmospheric particulates obtained from 
opencast coal mines indicates the presence of 
coal atmospheric particulates with diameters of 
1 µm to 80 µm (Figure 12).  

 

The SEM-EDS results also indicate that coal 
particulates are the most significant in the 
opencast coal mines’ atmospheric PM samples. 

 

 
Figure 12: Electron micrographs for coal dust 

particulates from opencast coal mine atmospheric 
PM samples. 

However, the distinction between coal dust 
and non-coal dust particulates using reflectance 
microscopy is not possible in this research 
study due to challenges in obtaining a clear 
image for the conduction of reflectance 
analysis. Consequently, the reflectance 
microscopic analysis of the community 
atmospheric PM samples was not taken further.  

 

3.3 XPS 

3.3.1 Opencast Coal Mines and Community 
Atmospheric PM Samples 

 
Although the observed survey spectra for the 

opencast coal mines’ and community 
atmospheric PM samples indicated the 
presence of various elements such as C, O, Si 
and Na, which dominate the surface of the 
atmospheric particulate samples, the technique 
did not enable the differentiation between 
brown carbon and elemental carbon. 

 
The results only indicated the various carbon 

signals in the atmospheric samples. These 
signals or binding energies, after sputtering, 
vary from 284.6eV (1 peak fit), 284eV to 285eV 
(2 peak fit) and 283.9eV to 287.6eV (3 peak fit) 
(Figure 13 and Figure 14). The principal 
hydrocarbon (CxHy) peak is assumed to be at 
284.6eV. The extension of the carbon signal up 
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to a binding energy of 287.6eV is an indication 
that carbon is not entirely found in its pure state 
on the surface of the samples but is bonded to 
electronegative atoms such as H and O in 
chemical compounds. The chemical 
compounds formed from this association are an 
indication of the presence of carbon containing 
atmospheric PM. However, this information is 
not comprehensive enough to enable the 
identification of coal particulates. In addition, 
although different binding energies of carbon 
were observed using XPS, this information was 
not adequate for the purposes of differentiating 
EC and OC. XPS, therefore, did not enable this 
differentiation. 

 

 
Figure 13: XPS high resolution spectra before (Red) 

and after (Blue) 2-minute sputter for a coal mine 
atmospheric PM sample 

Figure 14: XPS high resolution spectra before 
(Red) and after (Blue) 2-minute sputter for a 

community atmospheric PM sample. 

3.4 Optical Microscopy 

3.4.1 Opencast Coal Mines and Community 
Atmospheric PM Samples 

 
The morphological characteristics of the 

atmospheric particulates vary from linear, 

spherical, solid irregular and chain 
agglomerates and particle dimensions vary 
from 2 to over 100 µm. However, a comparison 
of the atmospheric PM morphological 
characteristics observed during SEM analysis 
and optical microscopy indicates that less detail 
is observed on the optical microscopy results 
(Figure 15). This lack of atmospheric particle 
detail is also observed for the community 
samples. Due to the limitations associated with 
the light microscope, determining the origin of 
the carbon content is therefore not possible. 
This is further indication that optical microscopy 
presents instrumental limitations during 
atmospheric PM characterisation when 
compared to electron microscopy (SEM-EDS in 
this research study).  

 

 
Figure 15: Opencast coal mine atmospheric PM 

morphologies and particle dimensions (Mpumalanga 
opencast coal mines) 

 

However, optical microscopy coupled with 
the Zeiss Axio-Imager enabled the 
quantification of PM10-2.5 concentrations in the 
passively-taken atmospheric PM samples from 
the opencast coal mines and adjacent 
communities. Quantification of the atmospheric 
PM concentrations was undertaken through 
imaging of each glass cover slip over an 
approximate area of around 6mm in diameter. 
Particle sizing and counting was undertaken 
using the AxioVision SE64 software. All the 
images were taken at a constant or fixed hue 
saturation and light intensity. The images’ 
threshold was then set to a value that avoids 
bias by either erosion or dilation after having 
converted it to a binary image. Automated 
counting using a custom macro followed. The 
macro output consisted of a list of projected 
area, image coordinates, and circularity for 
each particle detected in the images. Image 
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edge effects were neglected because the area 
of the image was very large compared to the 
size of the particles of interest and because the 
imaging minimises double capturing of any 
particles due to the pattern used. During 
atmospheric particulate analysis (using the Axio 
Vision software), parameters such as particle 
diameter (µm), particle area (µm) and perimeter 
(µm) were recorded for each particle. Results 
from the AxioVision particle analysis software 
were exported to an Excel spread sheet for 
further analysis. This data was used for 
particulate matter concentrations calculations 
(µg/m3).  

 
For samples collected from the opencast coal 

mining operations, daily average ambient 
concentrations for PM10-2.5 ranged from 
79 µg/m³ to 108 ug/m³ in the Mpumalanga 
Province. For the opencast coal mine in the 
Limpopo Province, daily average ambient 
concentrations for PM10-2.5 ranged from 
91 µg/m³ to 103 ug/m³. For the sensitive 
receptor areas or communities of Delpark and 
Clewer in the Mpumalanga Province, PM10-2.5 
daily concentrations ranged from 35 µg/m³ to 
82 µg/m³. The average PM10 concentrations for 
Marapong community in Limpopo ranged from 
54 µg/m³ to 68 µg/m³. The results indicated no 
exceedances of the PM10 daily NAAQS of 
75 µg/m³ and the PM2.5 daily NAAQS of 
40 µg/m³ in any of the communities. However, 
instrument limitations associated with the 
optical microscope did not enable the 
comprehensive characterisation of atmospheric 
PM and the differentiation of OC and EC.  

 

3.5 Raman Spectroscopy  

3.5.1 Opencast Coal Mines and Community 
Atmospheric PM Samples 

 

The graphitic band, G, which occurs at 
approximately 1600 cm−1 and the D band 
wavelength which occurs at approximately 
1360 cm−1, are observed in the spectra for all 
opencast coal mines and communities’ 
particulate samples (Figure 16 and Figure 17). 
The G band is an indication that some of the 
carbon in the atmospheric PM samples is highly 
ordered and exhibits a high degree of 
crystallinity, corresponding to a more ordered 

graphitic structure, whereas the D bands are 
normally associated with defects i.e chemical 
and structural defects in the crystal lattice or 
bonding with non-carbon atoms such as H and 
O. 

 

 
Figure 16: Undeconvoluted Raman spectra 

for coal mining atmospheric PM filter 
samples. 

 
Figure 17: Undeconvoluted Raman spectra for two 

community atmospheric PM filter samples. 

Previous investigations indicate that the 
different potential sources of amorphous carbon 
(a-C) and OC include non-combustion related 
activities and incomplete combustion of organic 
material such as plant and animal material. On 
the other hand, EC is generally formed through 
combustion processes such as power 
generation, vehicle emissions, spontaneous 
combustion in coal mines and other industrial 
activities. Combustion processes result in the 
formation of graphitic structures in the 
combustion remnants which are generally 
associated with the G band in the Raman 
spectra. It is for this reason that the G band is 
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qualitatively considered as an indication of the 
presence of EC in the atmospheric PM 
samples. However, this qualitative 
differentiation of EC and OC in this study is 
further informed by results from the SEM-EDS 
analysis.  

3.6 TGA 

The thermogravimetry analysis (TGA) and 
differentiated thermogravimetry (DTG) results 
for the atmospheric PM samples for the 
opencast coal mines and communities indicate 
different stages of mass loss in these 
atmospheric PM samples. 

 
The observed stages of mass loss include the 

following; 
• Below 200°C- this stage involves the 

loss of water and other substances 
which evaporate between ambient 
temperatures and 200°C and physical 
processes associated with the release 
of gases from the sample. Given that 
significant amounts of atmospheric 
particulates identified during the SEM-
EDS analysis of this study are coal dust 
particulates, the observed water loss is 
due to these particulates as coal 
generally contains moisture which is 
released during combustion. These 
particulates also contain OC. 

• Devolatisation or evolution of organic 
content at temperatures of between 
200°C- 600°C.  

• Above 600°C- this stage involves the 
evolution of less volatile components 
such as graphite which burns at 
temperatures higher than 600°C. This is 
an indication of the presence of EC from 
incomplete combustion. However, OC 
and EC can still be components of the 
volatised material at this stage as both 
may contain graphite. 
 

Given the above-mentioned information, 
there is an indication that the differentiation of 
EC and OC in the atmospheric PM samples is 
achieved, albeit qualitatively, through TGA. This 
is due to challenges related to small 
atmospheric PM sample sizes transferred to the 
TGA pans and instrument limitations.  

 

4. Conclusions and Recommendations 

 
Of the various microscopic techniques that 

were applied for this characterisation, SEM-
EDS proved to be a powerful tool and provided 
a wealth of information on the morphological, 
dimensional and chemical composition 
characteristics of the atmospheric PM samples. 
For the coal mining industry, this information will 
provide understanding on how coal dust and 
other types of particulate matter affect the 
environment, health and wellbeing of 
employees and communities living adjacent to 
coal mining operations. This information can 
also be critical to the coal mining industry for the 
designing of effective mitigation measures for 
the prevention and control of fugitive dust 
associated with coal mining operations. 

 
With regards to the objective of differentiating 

between EC and OC, although the other 
microscopic and spectroscopic techniques 
(Raman and TGA) applied in this study did not 
individually provide the level of detail obtained 
from SEM-EDS, qualitative analysis of the 
results from these techniques enabled this 
differentiation. Reference to the SEM-EDS 
results was undertaken to corroborate the 
results from these techniques and vice-versa. 
Given that currently no individual technique can 
be applied in isolation for the comprehensive 
and holistic characterisation of atmospheric 
PM, it is recommended that where possible, 
complimentary techniques be applied and 
improved to ensure accuracy and credibility of 
the analysis.  

 
In addition, this research study brings to the 

fore the status quo on the analysis of coal dust, 
i.e., there are currently no standardised 
methods for the characterisation of coal dust. 
Coal dust particulates are identified through 
chemical analysis as there is no 
distinguishable/unique tracer to the source. In 
addition, the lack of an elemental ratio that can 
be utilised to differentiate coal particulates from 
other non-coal particulates has exacerbated the 
problem. Given the health and environmental 
impacts of coal dust, intensive research on its 
characterisation is critical. This is especially the 
case in developing countries such as South 
Africa were coal is the primary source of energy 
(Section 3.4.1) but is simultaneously a source 
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of major concern given its health and 
environmental impacts. 

 
This research study also highlights 

challenges associated with the application of 
techniques that are traditionally designed for 
the analysis of large samples of materials, 
crushed powders, etc., and not necessarily 
atmospheric PM analysis. This challenge was 
evident during Raman and TGA analysis. It is 
recommended that further research be 
undertaken on developing new techniques and 
improving existing techniques to characterise 
atmospheric PM analysis, in particular with 
reference to characterisation of the carbon 
content.  

 
The wealth of information obtained from the 

research study, particularly from SEM-EDS, 
can be utilised and applied for the purposes of 
air quality management, community education 
and awareness, health and environmental 
management, especially in highly industrialised 
regions such as the Highveld Priority Area. In 
addition, industries located in these regions can 
apply this information to gain insight on the local 
and regional sources of atmospheric PM, inform 
their mitigation strategies and for the 
improvement of employee and community 
health. For the coal mining industry, this 
information will provide understanding on how 
coal dust and other types of particulate matter 
affect the environment, health and wellbeing of 
employees and communities living adjacent to 
coal mining operations. This information can 
also be critical to the coal mining industry for the 
designing of effective mitigation measures for 
the prevention and control of fugitive dust 
associated with coal mining operations. 
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There are harmful air pollutants that are emitted from domestic waste burning. However, the emissions from 

this activity are not well quantified in South Africa. This paper presents the spatially-resolved estimated quantity 

of municipal solid waste burned in South Africa at a small area level, as well as the recent trends in emissions. 

Determining the amount and the spatial resolution of waste burning has been a challenge due to the lack of 

data availability. Estimated emissions of harmful air pollutants were calculated using Stats SA’s General 

Household Survey and the waste generated per person. Estimated emissions calculated include CO2, CO, 

CH4, HCl, Benzene, PAH, PM10, PM2.5, NOx, SO2 and NMOC. North West and Eastern Cape regions are the 

highest emitters of the emissions under study. All regions showed an increase in all the emissions estimated 

over the period of study. The results obtained demonstrate that emitted emissions of greenhouse gases, 

particulate matter, hazardous air pollutants and trace gases are substantial.   

Keywords: Domestic waste burning, Municipal solid waste generation, Emission inventory. 

1. Introduction 

Domestic waste burning of municipal solid waste 
(MSWg) is a method of disposing uncollected waste. 
Paper, plastic, organic waste and yard waste are 
components of MSW. Population increase and lack 
of service delivery has made solid waste 
management a challenging task. The estimated 
amount of domestic waste generated per year in 
South Africa is 42 million m3 (Nkosi 2013). It is 
approximated that 0.7 kg of waste is generated per 
capita per day (DEA 2009). The waste generation 
rate varies with the income bracket and the area of 
residence.  

 
Emissions from domestic waste burning are 

affected by multiple meteorological variables; 
temperature, wind, moisture content and chemical 
composition of the atmosphere (IPCC 2006). Lack of 
oxygen and compactness of waste lead to 
incomplete combustion (IPCC 2006). Incomplete 
combustion increases emissions of carbon 
monoxide and particulate matter at lower 
temperatures (IPCC 2006).  

 
Several studies conducted in the past have 

determined the amount of emissions from domestic 
waste burning at a global scale. Multiple studies in 
Asian countries have focused on this subject using 
different methodologies and study areas (Sharma 
2019, Das 2018 & Park 2013). Sharma et al. (2019) 
methodology was based on the income class and 
settlement type. When income class is included in 
the calculations, both urban and rural regions are 
estimated to exhibit some amount of emissions 
(Sharma 2018). The income class driven 

methodology of Das et al. (2018) was done at a 
suburb level. The waste generation data was 
collected as household surveys. For the Das et al. 
(2018) study the authors find that more domestic 
waste burning occurs in sub-urban areas. In Africa, 
domestic waste burning is recognized as a 
significant air pollution problem (Cogut 2016). Few 
African focused studies have been done to 
characterize waste burning emissions within the 
context of air quality (e.g. Keita et al., 2017). The 
majority of emissions estimates for Africa rely on the 
global inventory developed by Weidinmyer et al., 
2014. This study presents an extensive and detailed 
emissions inventory for domestic waste burning at 
the StatsSA designated Small Area Level (SAL) in 
South Africa. The emissions inventory introduced in 
this paper may be used as an input to study local air 
quality. The estimated emissions of the gases are 
geospatially mapped such that the gases distribution 
can be comprehended easily. 

2. Methods 

The estimated emission (Ei) of a particular gas (i) 
was derived from the product of the mass of waste 
burnt (WB) and emission factor of a particular gas 
(EFi). An emission factor is a representative value 
that relates the quantity of a pollutant released into 
the atmosphere with an activity associated with the 
emission of the pollutant. The emission factor is 
often expressed by grams of pollutant emitted per kg 
of waste burned (Das et al., 2018). Emission factors 
in this paper were obtained from literature and are 
shown in Table 1. In this paper, the emission 
estimates of CO2, CO, CH4, HCl, Benzene, PAH, 
PM10, PM2.5, NOx, SO2 and NMOC were calculated 
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based on activity data from 2002 to 2018. Only 
results for 2002 and 2018 are reported here. The 
calculation was based on equation (1) given:  

Ei = WB × EFi ……………………………….. (1) 
(Wiedinmyer et al. 2014). 

 
Table 1: Emission factors (g kg-1 waste burned) for 

species emitted from the burning of waste. 

Adapted from (Wiedinmyer 2014). 

Compound Emission factor 
CO2 1453 
CO 38 
CH4 3.7 
HCl 3.61 
Benzene 0.9 
PAH 0.3 
PM10 11.9 
PM2.5 9.8 
NOx 3.74 
SO2 0.5 
NMOC (identified) 7.5 

 
The mass of waste burnt (WB) is the product of the 

population, the fraction of the population who burn 
their waste, the amount of waste generated by each 
person annually and the fraction of waste that 
actually gets burnt (e.g. glass is assumed not to 
contribute to emissions). The calculation was based 
on equation (2) given: 

 WB = P × Pfrac × MSWg × Bfrac……………. (2) 
(Wiedinmyer 2014) 
 

Population (P) is the total number of people per 
SAL. The data used was acquired from the StatsSA 
Census 2011 and General Household Survey from 
2002 to 2018. The refuse removal dataset provided 
information whether waste was collected or not for 
every person. 

 
Population burning waste is the fraction (Pfrac) of 

the total population that burn waste. Pfrac is estimated 
as a fraction of waste not collected or waste that is 
not disposed of (IPCC 2006). In this paper, the Pfrac 
was determined by the sum of persons who 
answered affirmative indicating waste removal by 
communal refuse dump, own refuse dump, dump or 
leave rubbish anywhere, other and unspecified form 
of waste disposal divided by the total population.   

 
MSWg is the annual waste generation per region 

(SAL in this case). Mp is the mass of waste per capita 
generation. In South Africa, Mp is 0.7 kg per capita 
per day or 225.5 kg per capita per year (Nkosi 2013). 
Equation (3) was used to calculate MSWg:  

MSWg = P × Mp …………………………. (3) (DEA 
2009). 

 

Bfrac is the percentage of waste that gets burnt 
from the total amount of waste being burned and is 
related to waste composition. It is estimated that 
60% of the amount of waste that is burnt actually 
burns (Wiedinmyer 2014).  
 

The equations were calculated using Microsoft 
excel per SAL. The results from the spreadsheet 
were joined to SAL GIS datasets (supplied with the 
StatsSA Census database) using ArcMap. The 
attributes joining the table and the layer were based 
on the SAL_CODE field. To achieve a finer level of 
spatial detail, emissions are distributed to dwelling 
points (i.e. individual dwelling structures) based on 
the StatsSA dwelling frame database. This enables 
the gridded of emissions to any arbitrary resolution. 
The ArcMap Spatial Join analysis tool was used to 
grid the data using a fishnet of 0.05º × 0.05º 
resolution per cell. The grid resolution is thus 
approximately 5km × 5km. Gridding of SAL emission 
data is necessary not only for use in air quality 
modelling but also because some SAL are large and 
it cannot be assumed that emissions are occurring 
uniformly through the SAL. Areas with least number 
of dwellings include the likes of Kruger National Park 
and Kalahari Desert. Though these areas are not 
vastly occupied by humans, there are a few 
dwellings that are used for accommodation for 
tourists and staff that manage the park. Other areas 
that fall in this category are areas used for farming 
and rural areas. A dwelling with the least population 
has at most 49 people (as shown in Fig. 1). 

 The data is not going to be made available on an 
online data archive. 

3. Results and Discussions 

There were 43820 SAL areas with emissions less 
than 0.09 tons/year, which reduced by 104 over the 
16 years assessed. There were 98 SAL with 
emissions more than 3.57 tons/year  

 
The SAL areas with the highest number of 

dwellings have a population of more than 1952 
people (as shown in Fig. 1). These dwellings are 
mostly located within the larger metropolitan 
municipalities. The land use is all residential areas 
and mostly the informal settlements and the high-
density rural areas. The Eastern Cape has the 
highest number of people burning waste, followed by 
Limpopo. Western Cape has an improved waste 
removal program because very few regions have 
more than 1952 people who burn waste. Northern 
Cape has the lowest number of people who burn 
waste. This is because the population that resides 
there is very small. 

 
Waste burned in 2018 was subtracted from waste 

burned in 2002. This allows one to see whether the 
emissions have intensified or not. 
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Fig. 2 shows that the estimated emissions of PM10 

for 2018 are above 2876.9 tons/year in several 
regions of Limpopo, KZN, North West, and Gauteng. 
Limpopo and KZN had the widest spatial coverage 
of PM10 emissions respectively. Northern Cape and 
Free State had regions with the lowest emissions of 
PM10. In Fig. 3, the estimated emissions of both 
years are similar for a majority of the country. The 
emissions increased by small amounts and up to 
56.73 tons/year. Largest increases are seen in 
Gauteng and Limpopo, as well as smaller regions in 
metropolitan areas (City of Cape Town and East 
London) when considering the change between 
2002 and 2018. Over the 16 years with regards to 
the emissions over Northern Cape are very small 
with emissions capping at 0.41   tons/year.  

  
Estimated emissions of CO2 in 2002 and in 2018 

did not change by the region. However, the 
emissions intensified a bit over some regions. KZN 
had a few regions with estimated emissions of over 
34.31 tons/year in the last 16 years. Most regions in 
KZN and the northern parts of Eastern Cape had 
emissions between 0.7 tons/year and 3.51 
tons/year. North West had the emission difference 
ranging between 0.2 tons/year to 34.30 tons/year for 
most of its province. Most of the regions in the 
country had low emissions of CO2. 

 
Table 2. Shows that CO2 has the highest 

emissions compared to all the pollutants nationally. 
The second highest pollutant is CO with emissions 
of 119155 tons/year in 2018. Generally, all the 
pollutants increased from 2002 to 2018. The 
emission factor has a direct influence to the quantity 
of the emissions of a pollutant. The higher the 
emission factor, the higher the emissions of the 
pollutant. PAH has the lowest emissions over the last 
16 years with 6.6 tons/year. 

 
The SAL areas with the highest number of 

dwellings have a population of more than 1952 
people (as shown in Fig. 1). These dwellings are 
located in the metropolitan and local municipalities. 
The land use is all residential areas and mostly the 
informal settlements and the high-density rural 
areas. The Eastern Cape has the highest number of 
people burning waste, followed by Limpopo. 
Western Cape has an improved waste removal 
program because very few regions have more than 
1952 people who burn waste. Northern Cape has the 
lowest number of people who burn waste. This is 
because the population that reside there is very 
small. 
 
 
 

Table 2: National estimated emissions of other pollutants 

in South Africa in tons per year. 

 

Gases 

Estimated 
emissions 
for 2002 

(ton/year) 

Estimated 
emissions 
for 2018 

(ton/year) 

Estimated 
emissions 
difference 
between 
2002 and 

2018 
(ton/year) 

CO2 4524117 4556114 31997.0 

CO 118318 119155 836.8 

CH4 11520 11601 81.4 

HCl 11240 11320 79.5 

Benzene 2802 2822 19.8 

PAH 934 940 6.6 

PM10 37052 37314 262.1 

    

PM2.5 30514 30729 215.8 

NOx 11645 11727 82.4 

SO2 1557 1568 11.0 

NMOC 23352 23517 165.2 

 
 
 
Estimated emissions of CO2 in 2002 and in 

2018 did not change by the region. However, the 
emissions intensified a bit over some regions. 
KZN had a few regions with estimated emissions 
of over above 34.31 tons/year in the last 16 years. 
Most regions in KZN and the northern parts of 
Eastern Cape had emissions between 0.7 
tons/year and 3.51 tons/year. North West had the 
emission difference ranging between 0.2 
tons/year to 34.30 tons/year for most 
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Figure 1. Population per capita per 0.05º×0.05º grid resolution that burns waste in South Africa in 2018. 

 

 
Figure 2: Estimated emissions of PM10 in South Africa in 2018 in tons per year per 0.05º×0.05º grid resolution.
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Figure 3: Estimated emissions difference of PM10 between 2002 and 2018 in tons per year per 0.05º×0.05º grid 

resolution.

 

4. Conclusion 

Domestic waste burning is currently poorly 
quantified. This paper presents the first estimate of 
countrywide spatially disaggregated emissions from 
informal combustion of domestic solid waste. The 
calculated changes of the emission estimates in the 
period 2002 – 2018 were analysed. SAL at 
0.05º×0.05º grid resolution was explored and 
examined to check the gases and particles that 
resulted when domestic waste burning was 
conducted. It was found that the number of people 
who burn waste has increased, so has the amount 
of gases emitted from waste burning increased as 
well. The increase rate of the emissions were 
relatively low but they accumulated around the area 
that people reside. 

 
The Western Cape regions had small waste 

differences. Some regions had more waste burning 
over the years. Eastern Cape had an increased 
activity in waste burning. Most of the regions partake 
in this activity more often than before the previous 
years. Mpumalanga had no extremes of waste  

 
 

 
burning but it has consistent emissions. Limpopo 
and KZN have similar behavior as Eastern Cape with 
increased waste burning activity. Northern Cape and 
Free State had the least emissions from domestic 
waste burning. 

 
There is a direct proportion between the 

population occupying the area and the emissions. 
The areas with the high population density contribute 
large amounts of pollutants than areas with less 
population density.  Metropolitan areas and towns 
have the high population densities. This is due to 
migration from rural areas to urbanized areas. This 
arises because people seek better services and 
better services are offered in urbanized areas. 
However, migration that arises from seeking better 
services is attached to populations with lack of 
finances. This leads to settlement type of the 
abandoned flats in towns or informal settlements. 
These settlements have none to limited service 
delivery. The population has increased from 2002 to 
2018, so did the informal settlements. The service 
delivery has been worsening since 2002.  
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The emissions positively correlate with the 
population density. However, the emissions are 
affected by the land use type. Agricultural land, 
national preserved parks and the arid regions have 
lowest emissions as the human population is low.  
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Air quality offsets are intended to counterbalance the harm caused by atmospheric 
emissions and deliver a net ambient air quality benefit in the affected airshed. In practice, 
they are implemented as a condition of leniency from compliance with the Minimum 
Emission Standards, and they focus on converting solid fuel burning households in low-
income communities to cleaner forms of energy. Air quality offsets are not supported by 
all stakeholders, with non-governmental organisations in particular voicing vociferous 
objections. To date, there have only been very limited analyses of the ethical dimensions 
of air quality offsets. In this paper, air quality offsets and the Minimum Emission 
Standards are examined and compared from the perspective of three notions of 
environmental justice: distributive justice, which focuses on the distribution of 
environmental burdens and benefits; procedural justice, which considers inclusion and 
exclusion in decision- and policy-making processes; and justice as recognition, which 
focuses on the cultural and institutional processes that determine recognition, 
misrecognition and non-recognition of various groups. It was found that air quality offsets 
should promote distributive justice because they are focussed on reducing exposure to 
air pollution in vulnerable, low-income communities that are exposed to the highest levels 
of ambient pollution. It is proposed that a basis for equivalence, ideally based on the 
health risk of air pollution, is needed to ensure that the benefits achieved through offsets 
are equivalent to those that would have been achieved through compliance with the 
Minimum Emission Standards. From a procedural justice perspective, South Africa’s 
legislative processes provide for involving most stakeholders in decision-making 
processes. Studies informing the setting of the Minimum Emission Standards, and initial 
research by project teams into the effectiveness of implemented offset interventions, 
need to be published to facilitate access for affected communities to key information.   

Keywords: air quality offsets, minimum emission standards, environmental justice. 

 

1. Introduction 

Air quality offsets are one of several measures 
introduced by the South African government to 
improve ambient air quality. In practice, they are 
implemented by polluting facilities as a condition of 
a postponement of compliance with the Minimum 
Emission Standards, and they take the form of 
reducing emissions from domestic burning, waste 
burning and veld fires in low-income residential 
areas in close proximity to the polluting facilities. 

Air quality offsets as contemplated in the Air 
Quality Offsets Guideline, 2016 are unprecedented 
globally, in that the basis of equivalence is ambient 
air quality, and improvements in ambient 
concentrations of one pollutant, for example 
particulate matter (PM), may be traded for emissions 
of another pollutant, for example sulphur dioxide 

(SO2). Emission trading schemes in other parts of 
the world take the form of market-based schemes 
which allow facilities to trade in pollution reduction 
credits. These are usually for the same pollutant, and 
are intended to achieve a mandated reduction in 
emissions at least cost (Drury et al., 1999; Krupnick 
et al., 1983). 

Despite the focus of air quality offset projects on 
improving air quality in dense low-income 
communities that are exposed to the poorest 
ambient air quality in the country, offsets have 
received severe criticism from non-governmental 
organisations (NGOs), who represent these 
beneficiaries of offsets. The Centre for 
Environmental Rights (2015), for example, has 
categorically stated that they and their clients ‘do not 
agree, in principle, with the use of offsets as a 
management tool to avoid compliance with 
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legislation.’ Another NGO, groundWork, has 
reported that Eskom’s air quality offsets project ‘has 
created more problems than solutions’ (Molefe, 
2018). 

In light of the novelty and contentious nature of 
South Africa’s air quality offsets programme, this 
paper assesses air quality offsets from an 
environmental justice perspective.   

2. Materials and methods 

To provide the necessary background for the 
evaluation of air quality offsets from an 
environmental justice framework, the development 
of air quality offsets legislation in South Africa is 
reviewed, and offset implementation programmes 
are discussed based on Eskom and Sasol’s plans, 
since between them they account for the majority of 
offsets initiatives. Environmental justice is 
introduced, drawing in particular on the work of 
Walker (2012). Air quality offsets are evaluated 
through an environmental justice lens, relative to the 
Minimum Emission Standards for Listed Activities 
Identified in terms of Section 21 of the National 
Environmental Management: Air Quality Act, 2004 
(henceforth referred to as the Minimum Emission 
Standards (MES)), since offsets are usually required 
as a substitute for full or immediate compliance with 
the MES. This analysis focuses on South Africa’s air 
quality offsets policy and regulatory framework, as 
led by the national Department of Environmental 
Affairs, and the way in which air quality offsets have 
been conceived of in Eskom and Sasol’s 
implementation plans. It does not focus on the 
effectiveness of the implementation of offset 
programmes, since they are not yet sufficiently far 
progressed to allow a fair assessment of their 
implementation at scale.  

This analysis takes place within the context of 
South Africa as ‘a society based on democratic 
values, social justice and fundamental human rights’ 
(according to the Preamble of the Constitution of the 
Republic of South Africa, 1996), and assumes 
political and societal views aligned with this. 

3. Status of air quality offsets in South 
Africa 

Air quality offsets are but one type of 
environmental offsetting in South Africa 
(Government of South Africa, 2015). Offsets are also 
employed for biodiversity, wetlands, water resources 
and carbon management. Environmental offsets are 
a response to the National Development Plan’s 
statement that ‘South Africa faces urgent 
developmental challenges in terms of poverty, 
unemployment and inequality, and will need to find 
ways to “decouple” the economy from the 
environment, to break the links between economic 
activity, environmental degradation and carbon 

intensive energy consumption. In the past, 
resources were exploited in a way that was deeply 
unjust and left many communities excluded from 
economic opportunities and benefits while the 
natural environment was degraded. The country 
must now find a way to use its environmental 
resources to support an economy that enables it to 
remain competitive, while also meeting the needs of 
society’ (Government of South Africa, 2015). 

3.1 Legal status of air quality offsets 

The Air Quality Offsets Guideline was published 
on 18 March 2016 (Notice 333, Government Gazette 
No. 39833) in terms of the National Environmental 
Management Act, 1998 (Act No. 107 of 1998) 
section 24J (a). The Guideline provides ‘guidance on 
situations under which offsets can be applied during 
the implementation of the atmospheric emission 
licensing system…’ The Guideline establishes 
principles for air quality offsets including that they are 
outcome based (on ambient air quality 
improvements); an offset does not need to be ‘like 
for like’; there is transparency by the implementers 
and the authorities; receiving parties need to 
consent to participate; offsets projects should be 
sustainable in the long-term; and projects should be 
measurable and scientifically robust. It also 
stipulates that an offset programme should be 
subject to ‘detailed and transparent’ public 
participation. 

The legal requirement to implement air quality 
offsets is stipulated in the atmospheric emission 
licences (AELs) of specific facilities, but there is 
almost no detail on what this entails. For example, 
the AEL for Sasol Synfuels issued on 31 March 2015 
contains the condition that ‘The facility must 
implement an offset programme to reduce PM and 
SO2 pollution in the ambient air / receiving 
environment and the implementation plan is to be 
presented to the NAQO and the licencing authority 
by 30 June 2015 after agreement, followed by an 
appropriate public participation process.’ Duvha 
Power Station’s AEL issued on 28 June 2017 
stipulates that ‘Eskom Duvha Power Station is 
required to provide and implement, a specific and 
time bound Atmospheric Emission Off-Set Plan to 
reduce PM in the ambient/receiving environment 
that must be approved by the Atmospheric Emission 
Licensing Authority annually.’ 

Importantly, these conditions requiring air quality 
offsets in facilities’ AELs were included as a 
requirement of an approved postponement of 
compliance to the MES.  

3.2 Implementation of air quality offsets 

Eskom and Sasol have published Air Quality 
Offset Implementation Plans for their facilities that 
are required to implement offsets. According to 
Sasol’s offset plans submitted for Secunda (Sasol, 
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2017) and for the Sasolburg operations and Natref 
(Sasol, 2016), Sasol’s offset projects are 
implemented in Zamdela and eMbalenhle, the two 
large low-income areas in close proximity to their 
operations, and in Lebohang, which is a little further 
away, at the request of the Licencing Authority. 
Sasol intends to insulate up to 7600 solid fuel-
burning formal homes in eMbalenhle (5200 homes) 
and Lebohang (2400 homes). Sasol expresses 
intent to insulate and swop stoves for 1400 to 1800 
serviced informal homes by June 2020 (provided a 
successful insulation solution for informal dwellings 
is found). Sasol is assisting with veld fire 
management around Secunda and has looked into 
measures to suppress dust on untarred roads 
(although since their contribution to ambient air 
quality is minimal, they will not be pursuing this 
further). In Zamdela and surrounds, Sasol is 
focussing on reducing emissions from veld fires, 
waste burning and vehicles. Education and 
awareness activities are undertaken in all three 
communities, with special focus on the schools.  

As of June 2018, Sasol had insulated 500 formal 
RDP houses in eMbalenhle. They had also 
completed the insulation of 24 serviced informal 
dwellings with spray polyurethane foam and 
swopped their coal-burning stoves for a low 
emission coal stove or liquid petroleum gas (LPG) 
stove and heater in Lebohang. In Sasolburg, 20 staff 
members from the Fire and Traffic Departments 
were trained in vehicle emission testing to promote 
routine vehicle testing by the local authorities. 100 
waste skips were placed in Zamdela in 2018, and 
approximately 10 000 tons of waste removed from 
the community (Sasol, 2018). 

Eskom proposes to reduce emissions from 
domestic burning in 40 000 households on the 
Mpumalanga Highveld by 2025 by insulating the 
dwellings and swopping the coal stoves for a cleaner 
alternative (probably electricity or LPG heaters and 
stoves) (Eskom, 2017a, 2017b). Communities are 
selected for offsets based on the following criteria: 

i) Communities exposed to highest ambient 
air quality impact from the facility are 
prioritised 

ii) Only communities where there is non-
compliance with ambient air quality 
standards may be selected 

iii) Only communities where there is 
opportunity for offsets may be selected 

In southern Gauteng near Lethabo Power Station, 
the focus is on reducing emissions from the burning 
of waste (Eskom, 2017c). 

Eskom has completed a pilot study in 
KwaZamokuhle (adjacent to Hendrina town). Initially 
120 households were insulated (60 with ceilings and 
60 with ceilings and insulation on three walls) and 
each household received either an electricity 
subsidy (of R200 per month for the winter months) 

or their coal stove was swapped for a low emission 
coal stove, or their coal stove was swapped for an 
LPG heater and LPG stove (Langerman et al., 2018). 
Eskom subsequently insulated another 30 
households and swapped their coal stoves for 
electric heaters and stoves. Eskom is currently busy 
with the contracting process to implement offsets on 
a larger scale.  

3.3 Arguments for and against air quality 
offsets 

Air quality offsets have been embraced by 
implementing industries and government. The Air 
Quality Offsets Guideline states that ‘offsets are 
required to assist in sustaining required standards of 
environmental quality while achieving sustainable 
rates of economic growth’. Eskom emphasizes the 
need to reduce exposure to air pollution at least cost. 
In Eskom’s draft Summary Motivation Report for 
their 2018/19 MES postponement application made 
available for public comment on 19 November 2018, 
it is propounded that ‘household or community 
offsets are a more effective way of reducing human 
exposure to harmful levels of air pollution, than is 
retrofitting power stations with emission abatement 
technology at exorbitant costs.’  

Air quality offsets are vehemently opposed by 
NGOs, however. Their arguments against offsets 
are summarised in the submissions made by the 
Centre for Environmental Rights and their clients on 
the draft Air Quality Offsets Policy published in 2014, 
and on the draft Air Quality Offsets Guideline 
published in 2015 (Centre for Environmental Rights, 
2015, 2014), and expanded on in Life After Coal’s 
submission on Eskom’s 2019 application for 
leniency from the MES (Centre for Environmental 
Rights, 2019). The NGOs ‘do not agree, in principle, 
with the use of offsets as a management tool to avoid 
compliance with legislation’, in particular the MES. 
Offsets themselves are perceived to have ‘no 
overarching legislative or policy framework’ (Centre 
for Environmental Rights, 2014). Furthermore, the 
design of offsets is considered to be flawed because 
a relaxation of SO2 emissions from power stations, 
for example, may be traded for a reduction in 
ambient PM concentrations. They feel that ‘offsets 
must result in a balancing of losses and gains in the 
same attribute or variable of concern,’ (Centre for 
Environmental Rights, 2019), and that ‘determining 
a reliable and defensible basis for determining 
equivalency between the impacts of regulatory 
relaxation and the offset effort is fundamental to any 
system of offsets’ (Centre for Environmental Rights, 
2014).  

The NGOs also contend that the benefits of 
offsets are distributed unfairly. Air quality offsets are 
not a valid substitute for compliance with the MES, 
because the measures operate at different scales 
(‘offsets could endorse higher levels of regional 
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pollution while reducing pollutants at a localised 
level’ (Centre for Environmental Rights, 2019)). They 
refer to ‘implications for equity and justice’ arising 
because ‘offset activities may unfairly favour some 
communities at the expense of others (e.g. where 
electricity or gas subsidies are provided, or 
improvements/ retrofits to houses are made)’ 
(Centre for Environmental Rights, 2014). In addition, 
‘the implications of offsets for public health will be 
affected by the timeframes permitted for 
implementing offsets and attaining required air 
quality standards’ (Centre for Environmental Rights, 
2014). For example, Eskom has not progressed 
beyond the pilot stage of their programme. Lastly, 
some polluting facilities may be unfairly advantaged 
over others by offsets because ‘offsets represent a 
subsidy to pollution-generating activities’ (Centre for 
Environmental Rights, 2014).  

The NGOs purport that the responsibility for the 
implementation of offset-type projects should lie with 
the state, rather than with polluting industries. The 
CER perceives of air quality offsets as ‘outsourcing 
government’s responsibility toward human 
settlements in need of alternative forms of clean 
energy’ (Centre for Environmental Rights, 2019) and 
propose rather that ‘the responsibility for tackling the 
problems of domestic air pollution would best be 
placed at the local authority and/ or community 
health level, supported by national policy and 
support’ (Centre for Environmental Rights, 2014). 

The views of households who have received 
offset interventions are not well known. The 
implementation is reported on favourably from 
research conducted by the offset project teams 
(most of the internal reports assessing the 
effectiveness of the pilot projects have not been 
published, but Eskom’s 2017 progress report 
indicates that 80% of households who were 
approached to trade their coal stove for either a low 
emission coal stove or an LPG heater and stove 
agreed to participate, and of those more than 90% 
elected to keep their new stoves rather than 
swopping back to their old coal stoves after one 
winter (Matimolane, 2017)). However, a report by 
groundWork alleges that they ‘discovered a number 
of challenges that the community is facing. From the 
way the project was presented and communicated, 
to the financial implication of replacing coal stoves 
with electric ones, to shoddy workmanship on 
ceilings and walls, to commitments and promises 
that were never fulfilled’ (Molefe, 2018). 

4. The notion of justice  

Environmental justice has been conceived within 
the much larger field of social justice.  

4.1 Social justice 

There are two schools of thought on justice that 
developed during the European Enlightenment. One 
approach focuses on identifying ideal institutions 
and associated rules of behaviour for a perfectly just 
society. This approach has been called 
“transcendental institutionalism” and has been led by 
the work of people such as Thomas Hobbes, Jean-
Jacques Rousseau, Immanuel Kant and John 
Rawls.    

Rawlsian justice is underpinned by the conception 
of ‘justice as fairness.’ Fairness can be seen as a 
demand for impartiality, where evaluations avoid 
bias, take note of the interests and concerns of 
others, and avoid being influenced by vested 
interests or prejudices. Rawlsian justice is 
concerned with setting up ‘just institutions’ which 
constitute the basic structure of society and requires 
that people’s behaviour complies entirely with the 
proper functioning of these institutions (Rawls, 
1971). Rawls (1993) proposes two principles of 
justice: 

i) Each person has an equal right to a full 
scheme of basic liberties which is 
compatible with a similar scheme of 
liberties for all 

ii) Social and economic inequalities are to 
be arranged so that they are attached to 
offices and positions open to all under 
conditions of fair equality of opportunity, 
and so that they are to the greatest 
benefit of the least advantaged members 
of society 

The second approach to justice is comparative 
rather than focussing on ideals, and focuses on 
social realizations resulting from actual institutions 
and actual behaviour. This ‘realization-focused 
comparison’ has been elucidated by Adam Smith, 
Mary Wollstonecraft, Karl Marx and Amartya Sen, 
among others. Sen (2009) argues that an 
assessment of justice requires a focus on the lives 
that people are able to lead, not on just the 
institutions and behaviour compliant to these 
institutions.  

Environmental justice draws from both schools of 
thought. The principle of ‘justice as fairness’ is 
frequently invoked. Environmental government 
departments are designed to be ‘just institutions’ and 
they pass legislation to ensure that society’s 
behaviour complies with the requirements of their 
departments. In conceiving of environmental 
legislation, however, government is also very 
cognisant of the realities of vulnerable and 
marginalised people, and the need to find a balance 
between preventing environmental harm and 
supporting economic development.  

- 132 -



4.2 Environmental justice 

Environmental justice has been defined by the 
United States Environmental Protection Agency as 
‘the fair treatment and meaningful involvement of all 
people regardless of race, color, national origin, or 
income, with respect to the development, 
implementation, and enforcement of environmental 
laws, regulations, and policies.’  Environmental 
justice takes place at different scales: for people, for 
communities and for non-human species and 
ecosystems. Inherent in environmental justice is the 
idea that disadvantaged people should not be 
subjected to disproportionate environmental 
impacts.  

Three concepts of environmental justice have 
been elucidated by Walker (2012): 

i) Distributive justice focuses on the 
distribution of environmental resources 
(positive) and harms (negative) 

ii) Procedural justice is concerned with the 
way decisions are made, who is involved 
and has influence, and who has access to 
the formal justice system. It looks at 
inclusion and exclusion in decision-
making processes around environmental 
and social issues. 

iii) Justice as recognition emphasises who is 
given respect, and who is or is not valued, 
which is related to prejudice and 
discrimination. 

These three aspects of justice form the framework 
for the analysis in this paper. 

 

 
Figure 1: The three elements of environmental 

justice claims (after Walker, 2012) 

Walker (2012) proposes that claims about 
environmental justice should comprise of three 
elements (Figure 1):  

i) an analysis of the evidence to determine 
the state of equality or inequality.  

ii) an explanation identifying why the 
inequalities and injustices exist. This 

reasoning on why the inequality fails to 
satisfy a justice principle is linked to: 

iii) a normative claim about justice/injustice. 
Walker (2012) argues that the academic literature 

on environmental justice has tended to focus either 
on analysing justice concepts and theories, drawing 
on various philosophical and political traditions, or on 
the demonstration of patterns of inequality. Both 
elements and the linkages between them need to be 
explored in other to make a normative claim about 
what is just or fair.  

5. An environmental justice analysis of air 
quality offsets 

Air quality offsets are now considered from 
distributive justice, procedural justice and justice as 
recognition perspectives. Since air quality offsets are 
often implemented as a substitute for full compliance 
with the MES, the two pieces of legislation are 
contrasted.   

5.1 Distributive justice  

For an analysis of how air quality offsets fare in 
terms of distributive justice, the following three 
questions posed by Bell (2004) when considering a 
distributive justice claim are examined (Table 1): 

i) What is to be distributed? 
ii) Who are the recipients of environmental 

benefits and burdens? 
iii) What is the principle of distribution?  
Firstly, both air quality offsets and the MES are 

designed to improve ambient air quality and reduce 
the health risk of exposed communities. Air quality 
offsets implemented at household level have other 
benefits that can favourably influence the quality of 
life of the household members, for example 
improved dwelling quality, more comfortable indoor 
temperature, and more convenient cooking facilities. 

Secondly, the benefits of emission reductions 
achieved due to reduction of industrial emissions are 
received by all who live in the airshed (often at a 
regional scale), while the benefits of offset projects 
are confined to the communities where the offsets 
are implemented.  

There are several possible principles of 
distribution when selecting communities for air 
quality offset interventions. Eskom has prioritised 
communities primarily on the basis of impact of the 
polluting facility on ambient air quality, and then on 
need and feasibility (i.e. where opportunities for 
offsets exist). It would perhaps be more equitable to 
prioritise communities based on need (i.e. those 
experiencing the worst ambient air quality levels), 
irrespective of their location relative to the 
implementing facility (but less palatable to 
communities who are impacted by the facilities). 
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Table 1: The recipients of benefits and principle 

of distribution for air quality offsets versus the 

Minimum Emission Standards 

 
Air quality offsets 

Minimum Emission 
Standards compliance 

What is 
distributed? 

Reduced health risk, 
improved dwellings, 
greater cooking 
convenience, greater 
indoor thermal 
comfort.  

Reduced health risk. 

Recipients of 
benefits/ 
burdens 

Usually low income 
communities 

Everyone in the (large) 
airshed 

Principle of 
distribution 

Communities selected 
for offsets based on 
ambient air quality 
impact of 
implementing facility, 
non-compliance with 
ambient standards, 
and opportunities for 
offsets 

MES apply stricter 
standards to newer 
facilities than to older 
facilities. MES 
postponement 
applications adjudicated 
by the NAQO and 
Licencing Authorities. 

 
With regards to distributing the responsibility for 

reducing emissions between facilities, the MES 
apply stricter limits for facilities that were constructed 
after the standards were published, than for those 
that were constructed before the standards were 
published. Applications for postponement of 
compliance with the MES are adjudicated by the 
NAQO together with the Licensing Authorities.  

Walker (2012) proposes that the focus of his 
environmental justice claim-making framework 
(Figure 1) used for a distributive justice analysis for 
air quality should be on patterns of exposure, 
vulnerability, responsibility and access to resources. 
This is now employed to make distributive justice 
claims about air quality offsets and the MES (Table 
2).  

Apropos exposure to air pollution, air quality 
offsets will achieve much smaller total emission 
reductions, but since the ground-level sources 
addressed have a much higher inhalation intake 
fraction (Humbert et al., 2011), offsets are expected 
to result in great reductions in exposure to PM and 
even SO2 and NOx. MES compliance will result in 
large reductions in emissions, but since the 
emissions from the facilities have an intake fraction 
several orders lower in magnitude than indoor 
emissions, the overall reduction in exposure per 
person is much lower. As the NGOs point out, a 
basis for equivalence between emission reductions 
achieved through air quality offsets and the MES is 
required (Centre for Environmental Rights, 2014). 
This author is of the opinion that a ‘like for like’ 
equivalence will not be the most effective way of 
achieving exposure reductions through offsets, since 
polluting facilities are often unable to comply with 
SO2 emission standards, for example, while the main 
pollutant of concern in low-income communities is 
PM. Instead, it is proposed that an equivalent 

reduction in health risks should be achieved by the 
offset project to that that would have been achieved 
through MES compliance, taking into account the 
entire domain influenced by emission reductions 
brought about by each of the two measures.  

 
Table 2: Distributive justice claims about air 

quality offsets versus Minimum Emission 

Standards, based on the framework of Walker 

(2012) 

 Evidence Process Justice 

Exposure Large reductions in 
exposure to PM, SO2 
and NOx from 
sources addressed 
by offsets, but limited 
to recipient 
communities. 
All people residing 
on the SA Highveld 
would  experience 
small reductions in 
PM2.5 exposure due 
to MES compliance. 
Communities close 
to large facilities 
would experience 
larger reductions in 
SO2 exposure.  

Sources 
addressed by 
offsets emit lower 
quantities of 
pollution almost 
directly into the air 
that people 
breathe, and 
pollutants may be 
trapped near the 
surface. Facilities 
targeted by the 
MES emit much 
higher quantities of 
pollutants from tall 
stacks. Pollutants 
are dispersed 
before they reach 
the surface but 
affect a large area. 

Offsets 
which are a 
substitute for 
compliance 
with the 
MES should 
result in an 
equivalent 
reduction in 
exposure (or 
health risk). 

Vulnera-
bility 

Offsets specifically 
target low-income 
communities, which 
are specifically 
vulnerable to air 
pollution. 
Interventions which 
reduce domestic 
burning specifically 
reduce exposure of 
children and the 
elderly.  
MES reduce 
exposures more 
uniformly to the more 
and less vulnerable. 

Poor people are 
less healthy and 
less able to access 
good health care. 
Children and the 
elderly are more 
susceptible 
negative health 
effects from poor 
air quality. 

Air quality 
offsets 
redress 
injustices to 
vulnerable 
groups.  
Most 
vulnerable 
households 
(informal 
dwellings, 
immigrants) 
should also 
receive 
offset 
interventions
. 

Respon-
sibility 

Responsibility for 
implementing offsets 
lies with the 
implementing 
facilities, and also 
with the recipients of 
the offset 
interventions. 
Responsibility for 
implementing 
emission abatement 
retrofits lies solely 
with polluting 
facilities. 
Decisions on MES 
compliance and 
offset requirements 
are made by the 
NAQO and licencing 
authorities.   

AEL requirements 
for offsets imply 
that  polluting 
industries assume 
responsibility. 
Households in the 
communities who 
pollute and 
government 
departments 
responsible for 
housing, energy, 
waste collection 
etc also influence 
emissions in low-
income 
communities. 
Responsibility for 
MES compliance is 
legislated.    

Polluting 
facilities 
should not 
take over 
responsibility 
for providing 
state 
services?  
Polluting 
facilities (and 
their 
customers) 
should fund 
emission 
reduction. 

Access to 
resources 

Large facilities have 
access to much 

Poverty is arguably 
the underlying 

Reductions 
in exposure 
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greater resources 
than low-income 
communities. 
However, many of 
the facilities are not 
able to finance full 
compliance with the 
MES. 

reason for most 
polluting emissions 
in low-income 
settlements.  

to poor air 
quality 
should be 
achieved at 
least cost. 

 
With regards to vulnerability, offsets specifically 

target emission reduction in low-income 
communities, which are both exposed to the worst 
air quality (Hersey et al., 2015) and are more 
vulnerable to the effects of the air pollution because 
of their generally poorer health status and inferior 
health services provided. In particular, children and 
the elderly, who are particularly vulnerable to air 
pollution (Royal College of Physicians of London, 
2016),  often spend more time indoors than 
economically active adults, and will particular benefit 
from a reduction in domestic burning emissions.  

There is unfortunately a real danger of neglecting 
some of the most vulnerable households in the 
communities when implementing offsets, such as 
households residing in informal dwellings. Informal 
dwellings are non-uniform and often poorly 
constructed, and so cannot be insulated with the any 
of the methods used by Eskom and Sasol for formal 
houses. The difficulty in insulating these households 
may result in them being neglected entirely. 
Immigrants are also particularly vulnerable because 
they are less able to access state services like 
housing and health care. 

The responsibility for reducing emissions at 
facilities in order to comply with the MES clearly lies 
with the facilities themselves. The responsibility for 
implementing offsets currently also rests with the 
facilities, since the offsets are a substitute for 
compliance with the MES and a condition of the 
facilities’ AELs. However, responsibility for the 
interventions being undertaken, including facilitating 
recycling and refuse removal, insulating dwellings 
and switching households to cleaner sources of 
energy usually lies with local authorities, government 
departments responsible for housing and those 
responsible for energy, respectively, and with 
households themselves. Indeed, section 26 (2) of 
the Constitution of the Republic of South Africa 
assigns the responsibility for the realisation of the 
right for everyone to have adequate housing to the 
state. Using existing departments to implement 
offsets would theoretically benefit from expertise and 
economies of scale that are already in place. 
However, then facilities could not be held 
responsible for offsets which do not deliver the 
expected improvement in ambient air quality. There 
is probably value in exploring different models of 
implementing offsets funded by government 
departments.  

Eskom and Sasol have tried to very carefully 
navigate the issue of disputed responsibility for 

service provision by not taking over any of the state 
functions of providing housing, removing refuse or 
testing vehicles, but have rather supported the state 
functions by insulating the dwellings, providing 
waste skips and training officers in vehicle emissions 
testing. The provision of cleaner energy is a function 
of both the state (through providing connections to 
the national electricity grid) and the market (through 
distributing fuels like LPG, coal, paraffin and wood). 
Eskom and Sasol have more aggressively 
intervened in this space in their attempts to switch 
fuels used by households. 

Large facilities obviously have access to more 
resources than low-income communities. Indeed, it 
could be argued that poverty is the main reason for 
poor air quality in low-income communities due to 
the lack of affordability of cleaner fuels, the poor 
quality of housing that necessitates a lot of energy 
for heating in winter, and even payment of low rates 
means basic services like refuse removal are 
inadequately funded. According to the ‘polluter pays’ 
principle, facilities (and their customers) should be 
required to pay for their own emission reductions 
(which essentially is internalising the full costs of 
production). Since air quality offsets are a substitute 
for emission reduction at the facilities themselves, 
they should be funded by the facilities. It is to the 
benefit of all if improvements in ambient air quality 
are achieved at the least cost.   

5.2 Procedural justice 

Procedural justice is a second conception of 
environmental justice that complements distributive 
justice, and focuses on the procedure of justice 
rather than just the outcome of justice. Procedural 
justice is concerned with inclusion and exclusion in 
decision-making processes. As such, it is concerned 
with the institutional contexts and practices of 
government and regulation that influence 
distributions (Walker, 2012). 

The processes of scrutiny here are the formulation 
of the air quality offsets guideline and the Minimum 
Emission Standards, the decision on who is required 
to implement offsets, the decision on what the AEL 
requirements regarding offsets are, and the 
formulation of the facilities’ air quality offset 
implementation plans. 

The following aspects can be the subject of 
procedural justice claims (Schlosberg, 2007; 
Stephens et al., 2001): 

i) The availability of environmental 
information, which is required for effective 
participation 

ii) Inclusion in environmental decision-
making and policy-making processes in 
terms of who is able to participate and the 
respect given to participants 
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iii) Access to legal processes for challenging 
decision-making and protecting 
environmental rights 

iv) Inclusion in community-based 
participatory research in which scientists 
collaborate with community members 

Again, Walker’s (2012) framework for 
environmental justice claim-making (Figure 1) is 
followed (Table 3Table 3: Procedural justice claims 
about air quality offsets versus Minimum Emission 
Standards, based on the framework of Walker 
(2012)). 

 
Table 3: Procedural justice claims about air 

quality offsets versus Minimum Emission 

Standards, based on the framework of Walker 

(2012) 

 Evidence Process Justice 

Information 
availability 

Information 
available online 
(see Table 4) and 
at public meetings 
for offsets. 

Some 
information has 
been made 
available through 
the Promotion of 
Access to 
Information Act. 
MES 
postponement 
applications and 
offset 
implementation 
plans require 
public 
participation by 
law. 

Studies 
informing the 
drafting of the 
MES (e.g. 
economic 
analyses), and 
reports on the 
effectiveness of 
air quality offsets 
need to be made 
accessible to all, 
including to 
those who 
cannot access 
the internet.  

Inclusion in 
decision-
making 

Stakeholders 
participated in 
lengthy SABS 
process for MES 
formulation. 
Households 
participating in 
offsets consulted 
at public meetings 
and household 
visits. Draft Offsets 
Policy and 
Guideline were 
published for 
public comment. 

Democratic 
processes 
require public 
participation in 
legislation 
development. 
Public 
participation 
processes 
legally required 
for offset 
implementation 
plans and MES 
postponement 
applications. 

The illiterate and 
poor struggle to 
participate. 

Access to 
legal 
processes 

Industries take 
legal action when 
desired. Legal 
action of 
communities is 
facilitated by 
NGOs. 

Following legal 
processes incurs 
considerable 
cost.  

NGOs provide a 
valuable role in 
giving low-
income 
communities 
access to legal 
processes, but 
there is no 
representation 
for communities 
if their needs do 
not align with 
NGO agendas. 

Community-
based 
research 

Little for MES but 
detailed research 
at household-level 
for offset projects.  

Offset 
implementation 
plans have 
households as 
one of the key 
stakeholders 

Results of 
community-
based research 
for offsets need 
to be published 
in public domain. 

critical for 
success of 
projects.  

 
Most information pertaining to air quality offsets 

and the MES is available online (see Table 4 for a 
list). The internet and South Africa’s laws, including 
the requirement for public participation in 
environmental processes and the Promotion of 
Access to Information Act, 2000, greatly facilitate the 
provision of information. There are, however, several 
key pieces of information which are not currently 
available but should be, including the scientific and 
economic studies underpinning the formulation of 
the MES, the documents from the MES standards 
setting process, and the reports on progress and 
effectiveness of offset implementation. The Eskom 
air quality offsets website has not been updated 
since 2017. 

 
Table 4: Information publicly available on Air 

Quality Offsets and the Minimum Emission 

Standards  

Information 
provider 

Information Location 

South 
African Air 
Quality 
Information 
System 
(SAAQIS) 

All air quality acts, 
regulations and notices, 
strategies, policies, 
guidelines and municipal 
by-laws 

https://saaqis.environment.
gov.za/ 

Ambient air quality 

Parliamen-
tary 
monitoring 
group 

Summary of decisions on 
MES postponement 
applications by 31 March 
2015 

pmg-assets.s3-website-eu-
west-
1.amazonaws.com/171107
Postponements_Report.do
cx 

Sasol 

2019 MES Postponement 
applications 

https://www.srk.co.za/en/z
a-sasol-2019-mes-
postponement-applications 

Previous applications for 
postponement of the 
MES, decisions issued 
and air quality offset 
implementation plans 

https://www.srk.co.za/en/z
a-sasol-postponements 

Integrated 
Report/Sustainability 
Report provides annual 
summary of the status of 
offsets and postponement 
applications  

e.g. 
http://www.integratedreport
.sasol.com/sustainability/dr
iving-sustainable-air-
quality.php 

Eskom 
 

2019 MES postponement 
applications 

http://www.naledzi.co.za/p
ublic-documents-
naledzi.php 

Annual emission reports 
for 2017/18 

http://www.naledzi.co.za/p
ublic-documents-
naledzi.php 

Air Quality offset 
implementation plans 

http://www.eskom.co.za/Ai
rQuality/Pages/PlansRepo
rts.aspx 

Centre for 
Environmen
tal Rights 

CER’s submissions on 
the offsets guidelines to 
the DEA  

https://cer.org.za/program
mes/pollution-climate-
change/submissions-on-
draft-regulations-
guidelines-and-
declarations 
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Challenges to MES 
postponement 
applications by Eskom 
and Sasol 

https://cer.org.za/program
mes/pollution-climate-
change/litigation 

Appeal of AELs for power 
stations 

https://cer.org.za/program
mes/pollution-climate-
change/litigation 

Eskom’s 2017 and 2018 
MES applications and 
CER’s objections. 

 

 
Environmental decision-making and policy 

development processes are generally inclusive. 
Industries and the NGOs were well represented at 
the SABS standard-setting process for the MES. 
Unfortunately other affected parties like Labour were 
less well represented. The SABS process was 
eventually abandoned because consensus could not 
be reached by all parties. A period of public comment 
was given for the draft Air Quality Offsets Guideline 
and its preceding draft Air Quality Offsets Policy. 
Public participation is a legal requirement for 
industries when applying for postponement of 
compliance to the MES and developing air quality 
offset implementation plans. Public meetings are 
usually held in affected low-income communities to 
facilitate participation of more vulnerable people. 
The NGOs have made lengthy submissions on the 
major postponement applications. Illiterate people, 
who comprise around 21% of South African adults 
between the ages of 35 and 64 (Statistics South 
Africa, 2017), still struggle to participate. 

Access to legal processes by members of the 
public is generally hampered by the high cost of legal 
fees. Here the NGOs, like the Centre for 
Environmental Rights, groundWork and many others 
play a vital role in giving a voice to marginal 
communities. There is a concern, however, that the 
interests of communities will not be represented if 
they conflict with the interests of the NGOs.   

Detailed community-based research has been 
conducted in support of the air quality offsets 
programmes, including the conducting of quality of 
life assessments prior to and after implementation of 
the intervention, and a comprehensive assessment 
of the effectiveness of the interventions. Not only 
have households been the subject of rigorous 
research, but they have also participated in the 
research through conducting household surveys and 
operating ambient air quality monitoring 
instrumentation sited in the community, for example. 
(This information has been directly communicated to 
the author by members of the implementation team 
in KwaZamokuhle). Unfortunately, most of this 
research has only been published in confidential 
industry reports, and would greatly benefit from 
being published in the public domain. 

5.3 Justice as recognition 

Justice as recognition is concerned with who is 
respected or valued and who is discriminated 

against (Walker, 2012). Schlosberg (2004) argues 
that misrecognition is fundamental to the production 
of distributional inequalities. Misrecognition may 
occur by institutions of the state or more subtly 
through social norms and the way in which people 
interact with each other. 

While South African environmental legislation has 
come a long way in recognising all individuals, 
everyone is certainly not recognised equally. Studies 
show that, in many instances, racism and gender 
discrimination apply just as much to air quality issues 
as to general societal issues (Drury et al., 1999; 
Siddiqui et al., 2005 for example). There are a few 
other groups of people who should be mentioned. 
The illiterate are often invisible. In addition, 
immigrants are often maligned or disparaged. They 
also do not have access to all the services that South 
Africans do, such as health care (even if legally 
entitled to it) (Lepodise, 2018) and housing. 
Undocumented migrants are particularly 
marginalised because of their insecure legal status. 
An estimated four million migrants are hosted in 
South Africa currently (United Nations, 2017).  

6. Conclusions 

Air quality offsets have been assessed from an 
environmental justice perspective, considering the 
context of ambient air quality on the South African 
Highveld where low-income communities are 
exposed to the highest air pollution levels. Air quality 
offsets have been contrasted with the MES, since 
offsets are usually implemented as a condition of 
postponement of compliance with the MES. 

From a distributive justice perspective, health 
benefits are achieved fairly uniformly across a large 
region through compliance with the MES, but 
benefits from implementing air quality offsets are 
restricted to the communities in which interventions 
are implemented. Offsets can be used to promote 
justice because low-income communities are 
exposed to highest air pollution levels and are highly 
vulnerable to exposure to pollution. There is a risk 
that the most vulnerable households in these 
communities, particularly those living in informal 
dwellings, may be excluded from offset roll-outs. A 
basis for equivalence is needed to ensure that the 
benefits achieved through air quality offsets are 
equal to those that would have been achieved 
through the MES compliance that they are 
substituted for. It is recommended that this 
equivalence be based on reduction in health risk. 
While there is agreement that polluting facilities 
should fund ambient air quality improvements in 
whatever form these take, the responsibility for 
implementing offsets is disputed. It is not desirable 
for corporations to take over state functions. Ideally, 
emission reductions are to be achieved at least cost. 

From a procedural justice perspective, South 
Africa’s legislation is effective in providing access to 
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information and involving stakeholders in decision- 
and policy-making. NGOs play a vital role in giving 
low-income communities access to legal resources. 
Commendable community-based research has been 
conducted by offsets implementation teams. 
However, there is a need to publish several key 
pieces of information, including studies which 
informed the drafting of the MES and community-
based research into the effectiveness of the offset 
interventions. 

In summary, air quality offsets, as conceived in 
the Air Quality Offsets Guideline (2016) and the 
industries’ offset implementation plans, have the 
potential to be used to promote environmental 
justice. The realisation of this potential, however, 
can only be determined once offsets have been 
implemented at scale. Such an assessment of the 
results of offset interventions should holistically 
consider the many factors which affect the health 
effects of poor air quality (including the underlying 
vulnerability and quality of life of members of a 
community), as well as the air quality in the 
community relative to the baseline air quality in the 
absence of the interventions, and relative to nearby 
higher income communities. It should also consider 
the effective participation of the community in the 
offsets project design.  
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Exhaust emissions from diesel vehicles have recently been receiving global attention, 
due to potential human health effects associated with exposure to emitted pollutants. In 
addition, a link has recently been established between unburnt hydrocarbon (HC) 
emissions from diesel engines and photochemical smog. Despite being present at very 
low concentrations in the exhaust, these HCs may act as precursors in the formation of 
photochemical smog pollution. While short-chain HCs are easier to characterise and 
have been successfully reduced in many developed cities, longer chain HCs, most 
likely arising from diesel exhaust emissions, have been poorly quantified and to date a 
limited range of HCs from this source has been studied. In this study, transient cycle 
tests were conducted to collect exhaust emissions from a Euro 3 compliant, 1.6 L test 
engine fuelled with three diesel fuels (SAM10, PAR10 and EUR10), using portable 
denuder samplers which were analysed by thermal desorption-comprehensive 2D gas 
chromatography-time of flight mass spectrometry (TD-GC x GC-TofMS). The SAM10 
diesel had the greatest n-alkane emissions with greater emissions observed in the 
earlier phases (low and medium phase) of the WLTC cycle. PAR10 diesel had the 
second highest n-alkane emissions and EUR10 had the lowest n-alkane emissions 
amongst the three fuels. Substituted alkyl benzenes were also detected in the gas 
phase emissions from each fuel. The results showed that long chain HCs were present 
at easily detectable concentrations in diesel engine exhaust emissions, which is critical 
in understanding their contribution to photochemical ozone and informing appropriate 
mitigation and management strategies. 

Keywords: Photochemical smog, hydrocarbons, ozone, diesel exhaust emissions, 
ozone formation potential, emission factor 

1. Introduction 
Exhaust fumes from vehicular emissions are one 

of the biggest contributors to pollution of the 
ambient atmosphere., which could be of great 
concern for South Africa’s agricultural sector. The 
region of Sothern Africa contains numerous 
sources of ozone forming compounds and presents 
ideal environmental conditions for O3 formation The 
most significant pollutants emitted by these sources 
include nitrogen oxides (NOx) and HCs which are 
key precursors to photochemical smog formation. 
Whilst both diesel and petrol engines contribute to 
NOx emissions, until recently the latter was thought 
to be the primary source of HC emissions in the 
atmosphere. Characterisation studies on airborne 
organic compounds show that there is a significant 
contribution of semi-volatile organic compounds 
(SVOCs) emanating from diesel exhaust, to the 
atmosphere’s non -methane organic gas (NMOG) 
load (1). Although the South African vehicle fleet is 

dominated by petrol cars, the National Association 
of Automobile Manufacturers of South Africa 
(Naamsa) has reported a steady increase in the 
popularity of diesel engine models over recent 
years (2).  

SVOCs are described as compounds with an 
effective saturation concentration (C*) of 0.1 µg m-3 
– 1000 µg m-3 which corresponds to a vapour 
pressure range of 10-8-10-2 Torr (3). These 
compounds tend to partition between the 
particulate and gaseous phases at high 
atmospheric dilution, and thus may participate in 
gas phase photochemical reactions, where they 
may act as precursors in the formation of 
photochemical ozone (O3), the principal component 
associated with photochemical smog. Numerous 
studies have reported the negative health impacts 
associated with exposure to PM emissions as well 
as damage to crops and vegetation caused by O3 

(4). According to the South African National 
Ambient Air Quality Standards for Criteria pollutants 
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(2009 and 2012), the 8-hourly running average 
standard for O3 is 120 ug/m3 (61 ppb), however 
numerous exceedances have been observed in 
various regions in South Africa. A study by Zunckel 
et al. (5) monitored surface ozone outside urban 
areas in Southern Africa and found that the highest 
O3 concentrations were over Botswana and the 
Mpumalanga Highveld. Both regions had highs 
between 40 and 60 ppb however the average 
concentration in October 2000 was greater than 90 
ppb. Gautam et al. (6) speciated diesel exhaust 
emissions under steady state conditions. The 
ozone formation potential (OFP) of speciated alkyl 
benzenes ranged from 0.406 - 0.767 mgO3/Bhp-hr 
for ethylbenzene and 1,2,4-trimethylbenzene 
respectively and OFP values of 0.119 mg/Bhp-hr 
and 0.018 mg/Bhp-hr were reported for octane and 
nonane respectively, where Bhp-hr is brake 
horsepower-hour. In another study by Olumayede 
(7), the contribution of individual VOCs to 
photochemical ozone formation in Southern Nigeria 
was studied. The following photochemical O3 
formation potentials were reported: 25.7 ug/m3 for 
m,p-xylene, 11.02 ug/m3 for ethylbenzene, 26.43 
ug/m3 for undecane, 18.85 ug/m3 for 1,2,4-
trimethylbenzene and 12.27 ug/m3 for toluene. It is 
evident that the contribution of different HC species 
to O3 formation varies within chemical classes and 
between HCs of different classes. 

Detailed mechanisms underlying the 
photochemical conversion of precursor compounds 
to photochemical ozone have not been elucidated, 
however, the key elements can be explained using 
generalized reaction mechanisms. Smog chamber 
irradiation studies have also been conducted to 
investigate ozone formation as a function of the 
initial concentration of its precursors. These studies 
show that reducing HC and NOx concentrations 
simultaneously leads to a decrease in O3, however 
this is less than the decrease observed from HC 
reduction alone. Thus historically it has been known 
that by controlling HC levels in the atmosphere, O3 
reduction could be achieved in urban areas (8). In 
recent years, VOC emissions have been 
successfully quantified and reduced in many 
developed cities, however, research shows that 
longer chain HCs are typically not considered as 
part of air quality control strategies. A study was 
conducted using high resolution measurements to 
investigate the abundance of diesel related HCs in 
the atmosphere at an urban background site in 
London and a comparison of these results to the 
emission inventory data showed that there is a 
drastic underestimation of the impact of diesel 
related emissions on urban air quality (9).  

The challenge faced when characterising 
SVOCs stems from difficulties in quantitative 
collection and chemical analysis of these species. 
Traditional sampling methods for gaseous-

particulate phase analytes employ high volume 
samplers that make use of a glass fibre filter that 
removes particles from the sample flow, and an 
adsorbent such Tenax or polyurethane foam (PUF), 
to adsorb the gas phase analytes downstream of 
the filter (10). Although such high volume samplers 
are robust and easy to use in the field, they exhibit 
inherent limitations due to the sampling 
configuration and high volumetric flow rate (11). 
Another commonly used sampling method, 
particularly when conducting engine tests, is 
collection of dilute exhaust emissions into Tedlar® 
bags from a constant volume sampler (CVS) and 
subsequent analysis of emissions by gas 
chromatography-mass spectrometry (GC-MS). This 
sampling method is adequate for sampling of 
VOCs, however, heavier compounds tend to 
condense on the walls of the sampling bags, which 
results in errors during quantitative analyses (12).  

Denudation, a sampling technique that has been 
used extensively for air monitoring applications, 
eliminates two major limitations suffered by high 
volume samplers. By removing SVOC gas phase 
analytes prior to downstream collection of the 
particulate matter, it prevents adsorption of the gas 
phase analytes onto particulate matter collected on 
the filter or onto the filter medium itself. The second 
artefact relates to volatilisation of the particle phase 
analyte from the filter. During denudation a second 
gas phase sampling device is placed downstream 
of the filter, which collects any “blow off” from the 
filter (11). Furthermore, denuders allow for 
collection of diluted exhaust samples, without the 
need to collect large volumes of samples, as 
analytes are stripped from the air sample and pre-
concentrated onto the sorbent, which later may be 
extracted or introduced directly into the analytical 
instrument during analysis.  

In this study, an emissions monitoring campaign 
was conducted to collect and characterise diesel 
exhaust emissions from a diesel test engine which 
is a popular model in the passenger car fleet on 
South African roads. Simulated vehicle exhaust 
emission testing was conducted at a controlled 
engine test cell facility using a standard emission 
test cycle. Cold-start emission tests were 
performed for three different fuels. Simultaneous 
sampling of gaseous and particulate exhaust 
emissions was achieved by using denuder 
sampling devices with thermal desorption-
comprehensive two dimensional gas 
chromatography-time of flight mass spectrometry 
(TD-GC x GC-TofMS) analysis. Here we report on 
these gas phase n-alkane and aromatic 
hydrocarbon diesel emissions and their related 
ozone formation potentials which can be estimated 
by assigning maximum incremental reactivity (MIR) 
indices to each compound.  
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2.  Experimental 

2.1 Test engine and Test fuels 
Simulated vehicle emissions testing was 

conducted in a test cell with a Euro 3 compliant, 1.6 
L test engine, which was fitted with a close-coupled 
diesel oxidation catalyst (DOC). The test engine 
was coupled to an electrical engine dynamometer 
which uses a mathematical model to simulate 
engine operation during emissions testing. Three 
diesel fuels were selected for testing: a highly 
paraffinic diesel fuel complying with the European 
EN15940 specification (PAR10), a South African 
market fuel complying with the South African SANS 
342 specification (SAM10), and a reference fuel 
complying with the European EN590 specification 
(EUR10). All of the fuels contained less than 10 
ppm sulphur, and were chosen because of their 
distinct compositional characteristics.  

2.2 Test cycle 
The World Harmonized Light vehicle Test Cycle 

(WLTC) was used for emissions testing. Figure 1 
illustrates a typical speed profile of this test cycle. It 
consists of four characteristic speed phases (low, 
medium, high and extra high), and emissions from 
each phase were collected onto separate samplers. 

 
 
Figure 1. Speed profile of the WLTC test cycle 
for class 3b type vehicles. Source: 
https://www.dieselnet.com/standards/cycles/wltp
php 

2.3 Emissions sampling and instrumental 
analysis 

Exhaust gas was drawn directly from the 
engine’s exhaust pipe and fed into a mini dilution 
tunnel (Horiba MDLT-1303T). The diluted exhaust 
was sampled onto denuder samplers consisting of 
a quartz fibre filter sandwiched between two multi-
channel polydimethylsiloxane (PDMS) traps (13) 
via a four-way flow splitter at the exit of the dilution 
system. Portable sampling pumps (GilAir plus, 
Sensidyne) were used to draw the diluted exhaust 
through the denuders at a sampling rate of 500 
mL/min.  

After sampling, each PDMS trap was end 
capped, wrapped in Al foil and each quartz fibre 
filter was placed in a clean amber vial. Samples 
were placed in zip lock bags and refrigerated at -18 
C until analysis using a LECO Pegasus 4D TD-GC 
x GC-TofMS system with an internal standard mix 
containing hexadecane-d34, naphthalene-d8 and 
phenanthrene-d10 in hexane.  

2.4 Hydrocarbon speciation 
Identification of target aromatic and alkane HCs 

was achieved by matching retention times to those 
of authentic reference standards (C8-C20 n-alkane 
standard from Sigma-Aldrich and DHA-aromatic 
standard from Restek) and calculated retention 
indices, as well as mass spectral matching using 
the NIST MS search mass spectral library. 
Quantitation of n-alkane HCs was achieved using 
linear regression analysis.  

3. Results and Discussion 

3.1 N-alkane gas phase emissions  
Transient cycle tests were performed for all three 

fuels from a cold engine start, over each phase of 
the WLTC test. Figure 2 shows the relative alkane 
emission factors of each fuel for each phase of the 
WLTC cycle. The SAM10 diesel had the greatest n-
alkane emissions with greater emissions observed 
in the earlier phases (low and medium phase) of 
the WLTC cycle. PAR10 diesel had the second 
highest n-alkane emissions and EUR10 had the 
lowest n-alkane emissions amongst the three fuels. 
This may be attributed to its low n-paraffin fuel 
content, and, potentially its lower volatility. Although 
PAR10 diesel has the highest n-paraffin fuel 
content, it had lower n-alkane emissions than the 
SAM10 diesel. This could be as a result of the high 
cetane number of this fuel (80) compared SAM10 
(49.7). A higher cetane number means the fuel 
ignites easily which results in better fuel 
combustion and thus reduction of harmful 
emissions from unburnt HCs (14). A correlation 
between HC emissions and cetane number has 
been demonstrated for diesel engine emissions 
where a reduction in HC emissions was observed 
with increasing cetane number (15).  

From Figure 2, a decrease in emissions was 
observed from the “Low” phase to the “Extra high” 
phase as a result of an increase in the engine 
temperature and improved combustion conditions 
during engine operation. Elevated engine 
temperatures also allow for improved catalytic 
reduction of HC emissions by the DOC, however 
these high temperatures are seldom reached 
during low-speed city driving conditions, potentially 
contributing to elevated ozone levels. 
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Figure 2. Relative gas phase n-alkane emissions (sum 
of C8-C20) for phases 1-4 of the WLTC test cycle 
for each fuel under cold start conditions. 

3.2 Aromatic hydrocarbon gas phase 
emissions 

Qualitative analysis of the test fuel emissions 
was also conducted to identify target aromatic HCs. 
The target list contained 27 substituted benzenes 
and most of the target aromatic compounds were 
present in all three fuels, however fewer aromatic 
compounds were found in the PAR10 fuel 
emissions compared to that of the other two fuels. 
Figure 3 shows a comparison of the peak areas of 
alkyl benzenes identified in the emissions of the 
SAM10 fuel as compared to the background air.  

3.3 Ozone formation potentials  
The OFPs of the n-alkane emissions can be 

estimated using Carter’s MIR indices which give the 
impact of each compound to the peak ozone 
concentration in a system where ozone is being 
formed under high NOx concentrations, and is most 
sensitive to HC emissions (16). The MIR index of 
each compound is given as the mass of additional 
ozone formed per mass of compound added to the 
emissions (gO3/gVOC). Thus using the emission 
factors, the OFP of each compound can then be 
determined from the product of the emission factor 
(EFn) and MIR index (MIRn) of each alkane, where 
n refers to the alkane with n number of carbons 
(equation 1). 

 
 

OFP[gO3/km]= 

EFn [gVOC/km] X MIRn [gO3/gVOC] (1) 

Photochemical smog occurs predominantly in 
urban areas, and thus phases 1 and 2 (low and 
medium speeds) under cold start conditions were 
chosen to study the OFP of the different fuels as 
they consist of low speeds which are characteristic 
of urban driving conditions.  

The photochemical smog formation potential of 
alkane emissions from each fuel differed. A 
comparison of the fuel emissions revealed that the 

SAM10 fuel emitted more ozone forming alkane 
and aromatic HC emissions than the other two 
fuels. EUR10 diesel had the least n-alkane 
emissions, however, it had relatively high aromatic 
HC emissions, which contributed to the OFP of this 
fuel, as these compounds have large MIR indices. 
The PAR10 fuel had relatively high n-alkane 
emissions, which have low MIR factors, although 
high emission factors would contribute to the OFP 
of this fuel.  

 

 
 
 
Figure 3. Example extracted ion chromatograms 
(m/z = 91) showing the gas phase aromatic 
hydrocarbon emissions from SAM10 diesel cold 
start Phase 1 (top) as compared to the background 
air (bottom). 

From these results it is evident that SVOCs 
arising from diesel emissions have the potential to 
contribute to photochemical ozone formation in the 
atmosphere, especially in urban traffic dense areas. 
The comparison between the test fuels cannot be 
regarded as conclusive, however, as diesel fuels 
also contain significant concentrations of branched 
and cyclic paraffins, which were not quantified in 
this study.  

4. Conclusion 
SVOC exhaust emissions from a diesel engine 

used in light-duty passenger vehicles were 
characterised for three fuels. The engine was 
operated over the WLTC driving cycle consisting of 
low, medium, high, and extra high speed phases. 
HC (n-alkane and aromatic) gas phase emissions 
arising from each fuel were then determined for 
each phase of the test cycle. The three test fuels 
showed differing levels of n-alkane and aromatic 
SVOC emissions, and hence their OFP differed, 
which could tentatively be explained by the physical 
and chemical characteristics of the fuels. A general 
decrease in n-alkane emissions was observed for 
each fuel when moving from the “Low” to the “Extra 
high” speed phase of the test cycle. Monitoring of 

0

20

40

60

80

100

Low Medium High Extra
high

Re
la

tiv
e 

em
iss

io
n 

(%
)

WLTC phase

PAR 10

SAM10

EUR10

399 600 798 999 1200 1398 1599

2e+006

4e+006

6e+006

8e+006

1e+007

1.2e+007

1.4e+007

1.6e+007

1.8e+007

1st Time (s)

1D retention time (s) 

- 143 -



semi-volatile HC emissions may be critical in 
understanding elevated ozone levels in urban 
areas, which are often higher than model 
predictions. This study has illustrated the 
successful use of denuders and comprehensive 2D 
gas chromatography with mass spectrometric 
detection to collect and characterise semi-volatile 
n-alkane and aromatic emissions from diesel 
exhaust. Such studies are important in better 
understanding the tropospheric ozone levels in 
South Africa and in informing air quality 
management practices. 
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This study was conducted in a laboratory-controlled environment aiming at studying the 
physical properties and elemental composition of coal combustion particles in a brazier. 
Particles were sampled ~1 m above the stove using a partector, where particles were 
collected on gold Transmission Electron Microscopy (TEM) grids and polycarbonate 
filters for TEM and inductively coupled plasma mass spectrometry (ICP-MS) analysis, 
respectively. Particles for elemental analysis collected on a 37 µm polycarbonate filters 
whereby a Gillian pump was used to draw in air. During sampling, a 2.5 µm cyclone was 
attached to the sampling cassette to isolate larger particles. The results have shown that 
combustion particles emitted during the early stage of combustion where single spherical 
particles with a diameter of around 450 nm. As the combustion progresses, the particle 
diameter gradually decreases and the morphology changes to accretion chain and fluffy 
bead structure for the flaming and char-burning phase, respectively. The study results 
imply that smouldering coal combustion condition may be a major source of atmospheric 
Spherical Organic Particles (SOP), which need to be included during source inventory 
development. Over 50% of trace elements dominated by silicon were released during 
the char burning phase. This study concludes that organic spherical particles with 
characteristics of tar balls were generated from coal combustion not wood, which was 
used as kindling.   

Keywords: physical properties, TEM, ICP-MS, elemental composition. 

 
1. Introduction 

Globally, over 3 billion people to date still depend 
on solid fuels daily ( Forouzanfar et al., 2015; Smith
et al., 2009). Particulate matter has been singled out 
as a form of pollutant, which continues to pose a 
significant threat to the environment and human 
health. Suspension of particles in the atmosphere is 
a contribution of natural and anthropogenic sources 
(Chafe et al., 2015). Several studies have indicated 
a significant increase in emissions of particles from 
various anthropogenic activities such as transport, 
mining and combustion (Kumar et al., 2014). 
However, it is further illustrated that the suspension 
of particles is influenced by several factors such as 
the meteorological conditions, particle diameter and 
chemical property (Petaloti et al., 2006). Combustion 
sources are reported to have contributed to over 
90% of the total mass of particles in the 
atmosphere(Forouzanfar et al., 2015). Significant 
progress has been made to date to evaluate the 
health impacts of particles on human health (Rainey, 
Vaganay and MacIntyre, 2016). The contribution of 

particles in the sub-micron size diameter was found 
to have a higher residence time in the atmosphere 
and further associated with higher deposition in 

 
Characterization of the organic fractions emitted 

from domestic coal burning technologies has been 
reported globally. However, very few studies 
focused on the characterization of trace elements 
emitted from residential coal burning (Vejahati, Xu 
and Gupta, 2010). 

Coal used in domestic combustion technologies 
often contains a lower amount of volatile organic 
compounds, which influences conditions for 
complete combustion. Consequently, during ignition, 
coal requires a catalyst to burn. Often, wood kindling 
is used for ignition due to the inherent higher volatility 
of this fuel (Makonese, 2015). The formation of 
particles is high at low-temperature conditions and 
during incomplete combustion conditions, where 
soot might be formed comprising of elemental 
carbon, black carbon and gas precursor to aerosols 
as Polycyclic Aromatic Hydrocarbons (PAHs) (Tiwari 
et al., 2013). 
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TEM and Scanning Electron Microscopy (SEM) 
are important tools to study the shape and 
morphology of aerosol particles (Gwaze, 2007).
While TEM allows a higher resolution down to the 
Nano and atomic scale, SEM usually has better 
contrast (Kocbach et al., 2005). For TEM, very thin 
grids (often copper/ gold) coated with a carbon film/ 
gold, are used.  

In addition to particle morphology, the correct 
identification and determination of the elemental 
composition rely on the use of effective analytical 
techniques. Inductive couple mass spectrometry 
(ICP-MS) has been widely used to study the 
elemental composition of combustion particles (De 
Jong et al., 2008). 

The current practice in determining the state of air
quality in South Africa is through monitoring of 
indicator pollutants such as particulate matter, NOx, 
O3, SO2

the effectiveness of clean energy alternatives is to 
conduct source apportionment. Therefore, the study 
on the morphology and chemical analysis are 
needed to conclusively determine source 
contribution and further our understanding of 
pollutant source distribution.  

2. Materials and methods 

2.1 Experimental stove and fuel analysis 
D-grade coal was burned in a high-ventilated 

stove lit using top-lit ignition method in a laboratory-
controlled environment in three distinct combustion 
phases (ignition, flaming and char burning). In the 
present study, due to variations of field-based 
factors, several variables were kept constant 
(Ventilation rates, height of grate, size of fuel, ignition 
method and fuel). The stove characteristics such as 
grate and stove height are shown in Figure 1. 

Figure 1: A photographic and schematic representation of 

a high ventilation field procured optimized brazier stove 

used in the experiments (Not drawn to scale  dimensions 

are in mm). 

Coal particle size was determined by sieving the 
coal to a 40 mm x 60 mm diameter mesh. Coal used 

in this study was analysed by an independent 
laboratory, using the appropriate recommended 
methods (Bureau Veritas Inspectorate Laboratories 
(Pty) Ltd). Experimental results presented in this 
paper have been based on the proximate and 
ultimate D grade coal analyses conducted on an air 
dried basis (Results of the coal analyses are given 
in the results section in Table 2). During the Top-lit 
Updraft (TLUD) ignition method, the fuel ordering 
entailed placing 2 500 g of coal on the grate, followed 
by the paper (35 g), wood (400 g), and the remaining 
1 500 g of coal on top. Details on the division of the 
combustion phases, fuel properties and ignition 
method are presented in details in published 
literature (Makonese, 2015). 

2.2 Particle sampling 
Particles were collected on TEM gold grids and 

polycarbonate membrane filters for TEM and ICP-
MS analyses, respectively. The TEM gold grids were 
placed on a grid holder from the partector aerosol 
dosimeter TEM sampler (Naneos particle solutions, 
Switzerland), and the particles were deposited 
directly onto the grid. The sampling train included a 
Teflon tube connecting the partector inlet to the 
sampling cassette fitted with a 2.5 µm cyclone. The 
partector was set at a flow rate of 2.8 L/m according 

-MS 
was done using polycarbonate membrane filters (37 
mm). The exhaust was drawn onto the membrane 
filter inside a cassette by a GilAir Plus pump (Model) 
set at a flow rate of 2.2 L/minute. The filters were 
changed at each combustion phase (ignition, flaming 
and char burning phases). 

2.2.1 Filter preparation 
A total of 12 (3 samples at each combustion 

phase), 37 mm diameter polycarbonate membrane 
filters with a pore size of 0.08  were stored in a 
controlled laboratory environment prior field 
sampling. The temperature ranged from 22  23 °C 
and the humidity was recorded at 35 %. The filters 
were conditioned for 24 hours and pre-weighed 
using a Sartorius electronic microbalance (model- 
CPA225D, supplied with a balance pan) with a 
minimum resolution of 0.001 mg (i.e., one 
microgram) and a precision of 0.001 mg (Figure 2). 
The same procedure was repeated after a three-
hour burn cycle sampling of particulate matter was 
completed. A field blank was handled the same way 
with the field filter. However, the field blank was not 
exposed to the particulate matter. The use of field 
blank is to overcome or account for moisture loss 
due to meteorological condition particularity during 
transportation and contamination during filter 
handling. The determination of the final mass was 
calculated using equation 1. 

 
FM=FF (P-Pr) + FB (P-Pr)             Equation 1 
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Where the FF (P) is the mass collected from the 

filter after sampling while the FF (Pr) is the mass 
recorded before sampling. The FB (P) and Pr is the 
mass recorded after transportation and before 
transportation of filters respectively. 

 

Figure 2: Sartorius electronic microbalance (model-

CPA225D) 

2.2.2 Inductively coupled mass spectrometry 
The sample filters for ICP-MS analysis were 

folded and placed inside pre-cleaned microwave 
digestion vessels 9 mL supra pure (Merc) nitric acid 
(HNO3), and 1 mL supra pure (Merc) hydrogen 
peroxide (H2O2) was added to each vessel. A 
reagent blank was included with the batch as a 
control. The vessels were closed and placed in a 
Mars 6 microwave. The digestion method made the 
vessels ramp to 200 for 20 minutes, and hold the 
temperature for another 15 minutes. The samples 
were then quantitatively transferred to a 50 mL
volumetric flasks and made up to the mark using 

of 0 µg/L, 0.1 µg/L, 0.5 µg/L, 1.0 µg/L, 5.0 µg/L and 
10 ug/L were prepared from 100 mg/L NIST 
traceable stock standards. The samples were then 
filtered using a 0.45 µm syringe filter and diluted 
another ten times (1 ml diluted to 10 ml) before 
analysis by ICP-MS. The blank filter analysis using 
the ICP-MS technique was carried out in the same 
manner as the actual sample filters. 

2.2.3 Inductively coupled mass spectrometry 
Combustion smoke particles were imaged for 

their morphologies using JEM-2100 is a 
multipurpose, 200 kV analytical electron microscope 
at the University of Johannesburg. The instrument is 
manufactured by Jeol Ltd from Akishima, Tokyo, 
Japan. A TEM has been used to study the semi-
structure especially in particles with a smaller 
diameter in contrast to an optical microscope, which 
uses light as an illumination source for imaging. The 
TEM uses electrons, which provide an opportunity to 
separate arrangements of atoms in small structure/ 

combustion soot aggregates. The TEM microscope 
combines the JEM-2100 optic system with an 
advanced control system for enhanced ease of 
operation. 

3. Results and discussion 

3.1 Morphology of coal particles from TEM 
analysis 

3.1.1 Morphology of smoke particles emitted 
during the ignition phase 

We have used TEM analysis to study and 
distinguish different smoke particle morphologies 
similar to previously conducted studies (Pósfai et al., 
2004; Chakrabarty et al., 2010; Tóth et al., 2014). 
Figure 3 presents the morphologies of smoke 
particles emitted during residential coal combustion. 
The morphologies presented herein are from the 
ignition phase. 

 

Figure 3: Transmission Electron Microscopy (TEM) 
images of particles emitted during the ignition phase- a) 
carbonaceous spherical particle, b) internal structure of 
spherules with evidence of aggregates, c) Onion-like 
structured soot particles (Scale 200 nm). 

Figure 3a shows a spherical organic particle with 
the same characteristics of tarballs collected from 
low-temperature combustion during the ignition 
phase. This finding suggests that the spherical 
particles are emitted because of low-temperature 
combustion. Posfai et al. (2003) contended that 
these carbonaceous particles are formed in 
smouldering fires and that they increase in 
abundance in the atmosphere as the plume ages.   

Furthermore, Posfai et al. (2004) reported similar 
morphologies. However, the source contribution was 
veld fires, which is often dominated by biomass 
burning. Figure 3b shows large organic spherical 
particles infused with diffusion accretion chains 
forming soot. It was observed that since these 
particles were collected at 1 m above the stove, the 
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morphology might change with an increase in the 
height of sampling due to ageing. 

Figure 3c shows particle growth as the spherical 
organic particles fuse probably due to collision. 
Thujadeen et al. (2015) contended that particle-
particle collisions are the dominant particle growth 
mechanism during combustion even though the 
particles may restructure or rearrange after the 
collision and fail to coalesce.  Similar morphologies 
to those presented in this paper were observed from 
biomass burning fires (Li et al., 2003; Hand et al., 
2005; Cong et al., 2010; Thajudeen, Jeon and 
Hogan, 2015). Figure 3d displays an onion-like 
structure with disordered graphic layers under the 
high-resolution TEM image (Wang et al., 2018; 
Zhang et al., 2018). 

Spherical organic particles presented in the above 
figures indicate a homogeneous structure (spherical) 
showing darker and lighter areas under the TEM.
The spherical organic particles have properties 
similar to tarballs from biomass burning. 

3.1.2 Morphology of smoke particles emitted 
during the ignition phase 

During the flaming phase, particle diameter 
reduced compared to the ignition phase as in figure 
1 a,b. The formation of the spherical particles during 
ignition is thought to be influenced by the release of 
polar compounds during smouldering fires. During 
flaming, fewer polar compounds, which affect
particle growth, are emitted compared to the ignition 
stage. The particles observed using TEM indicate 
fused small particles with diffusion accretion chains 
with similar characteristics to soot (figure 4 a,b). Soot
contains aggregates of small particles often in the 
diameter of less than 30 nm. A morphology similar to 
the present study was reported in Li et al. (2003). 
However, Li et al. (2003) investigated the 
morphology of particles in ageing smoke from the 
wood fire. It is important to note that in the current 
study the images were obtained from freshly 
produced particles.  

A well-arranged morphology consisting of single 
particles can be seen in figure 4b. It was reported in 
previous literature that particle diameter decreases 
as the combustion conditions improve (Zhang et al., 
2012). In the study by Li et al. (2003) and Posfai et 
al. (2004), there was an increase on the number of 
tar balls in samples collected far field, suggesting 
particle growth due to the condensation of organic 
gases or transformation due to collision with other 
organic atmospheric particles. In our study, we have 
established a mechanism to which particles 
transform as the combustion progresses. It was 
established that as coal heat up, it swells and cracks 
open. It is through the cracks that organic particles 
are released and depending on the ignition method 
and combustion condition, a brown to thick white 
plume is evident and may pass through a cold zone 

above the burning coal to the ambient air (Wentzel 
et al., 1999; Masekameni, Makonese and Annegarn, 
2014; Makonese, 2015). It was demonstrated that as 
the combustion progresses fine particles often 
enriched with low volatile organic gases are emitted 
(Masekameni et al., 2018). Furthermore, particle 
growth is as a result of the water injection in the coal 
and released as water vapour as the coal pyrolysis. 
Therefore, the establishment of accretion chains 
may be caused by coagulation of particles directly 
emitted from the flaming phase (Makonese, 2015). 
As coal fully pyrolysis, fluffy microstructures are 
formed and have the same characteristics as soot 
particles. 

 

Figure 4: TEM images of carbonaceous particles 
emitted during the flaming phase- a) Carbonaceous 
soot particle showing as aggregates, b) A more 
established and well-arranged accretion chain, c) 
fluffy micro-structure resembling the formation of 
soot.

In summary, the results presented herein builds 
on the work by Makonese (2015) and Toth et al. 
(2014), which recommended further studies to 
reaffirm the existence of spherical organic particles, 
tarballs and related particle formation mechanisms 
in the domestic combustion process. We therefore, 
confirm that spherical organic particles with similar 
characteristics to tarballs are emitted as a 
consequence of smouldering combustion conditions. 
In this study, we have demonstrated that residential 
coal burning is a source of tarball like spherical 
organic particle emissions. 

 
Figure 5 shows images of particles collected 

during the char burning stage of coal-combustion in 
a typical brazier. During the char-burning phase, as 
described in the literature, almost all volatile organic 
compounds have been released during the ignition 
and flaming phases (Masekameni, Makonese and 
Annegarn, 2014). This results in the emission of non-
carbonaceous matter, usually in the form of mineral 
particles from the burning char. In this stage, the fire 
burns uniformly in sufficient oxygen supply, and 
particles emitted during this stage are similar to ash. 
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During the ignition phase, both Si and K were high 
because wood was used as kindling to ignite the coal 
nuggets (Xu et al., 2003). In the flaming phase, the 
percentage contribution of potassium is higher 
relative to the ignition and char burning phases. The 
increase of K during flaming is possibly due to the 
pyrolysis of the wood kindling. A noticeable decline 
in potassium percentage contribution can be seen
during the char burning phase. For the marker of 
coal emissions, a relatively steady increase in Si 
emission confirms that the particles are from coal 
combustion. All trace elements emissions except Ca 
and K steadily increased as the combustion
progressed. K and Ca emissions are thought to be
associated with wood kindling, which often burns out 
in the second half of the flaming stage (Makonese et 
al., 2014). 

In previous studies, the elemental composition 
from coal-burning boilers/ furnaces was limited to fly 
ash, with little emphasis on the elemental 
composition of smoke emissions from various 
combustion phases (Yi et al., 2008; Vejahati, Xu and 
Gupta, 2010; Silva et al., 2012). Meij and Winkel 
(2009) argued that low volatile organic trace 
elements categorized in class one (i.e. Al, Ca, Ce, 
Cs, Eu, Fe, Hf, K, La, Mg, Sc, Sm, Si, Sr, Th and Ti) 
are comparable in smoke and ash.  During coal 
combustion, the minerals in the coal are deposited
as bottom ash, and some are given off as fly ash (Lu 
et al., 2017). The type of mineral elements released 
is related to the mineral content of the fuel (Table 2).
 
Table 2: Comparing percentage contribution 
elemental species between smoke particles and the 
fuel  
ICP-MS Results Fuel Analysis Results 
Element % 

Contribution 
Standard 
Method 

% 
Contribution 

Si 
23.7 

ASTM 
D4326 

58.6 

Al 11.4 ASTM 
D4326 

27.6 

Fe 13.8 ASTM 
D4326 

6.6 

Ti 
0.9 

ASTM 
D4326 

0.8 

Cr 
1.2 

ASTM 
D4326 

0.6 

Ca 18.5 ASTM 
D4326 

2.3 

Mg 2.7 ASTM 
D4326 

0.8 

Na 
5.9 

ASTM 
D4326 

0.4 

K 
16.2 

ASTM 
D4326 

0.8 

S 1.1 ASTM 
D4326 

1.1 

Mn 0.4 ASTM 
D4326 

0.1 

Results in Table 2 provided a comparison on the fuel 
burned composition and emitted trace elements. The 
particles emitted contained K; while there was a 
relative low amount of K in the coal. This was 
expected as wood was used as kindling to ignite the 
coal. These results found traces of elements similar 
to those described or obtained in the ash by other 
studies (Meij and te Winkel, 2007; Makonese, 2015; 
Zhang et al., 2018). 

Table 3 shows results of the percentage 
contributions of trace elements for the three 
combustion phases. With decreasing volatile matter 
from the burning fuel, mineral particles dominated 
the char burning phase. As expected, the bulk of the 
elements were emitted during the char burning 
phase relative to the flaming and ignition phases 
(Zhang et al., 2018). This finding suggests that the 
majority of particles emitted during the ignition and 
flaming phases could be dominated by elements and 
volatile organic compounds (Zhou et al., 2016).  
During the char burning phase, most non-water 
soluble trace elements are expected to be released.  

Table 3: percentage contribution of detected 
elements emitted per combustion phase 

Combustion 
phase 

Total 
elements 

(µg/g) 

% 
Contribution 

Ignition  10.1 17 

Flaming 16.2 28 

Char burning 31.9 55 

Sum 58.2 100 

 

4. Conclussion  
This study was conducted to examine the 

morphology and elemental characteristics of freshly 
emitted individual particles emitted at three distinct 
combustion phases in domestic packed-bed 
domestic coal combustion processes. Three types of 
particles were classified, viz., spherical organic 
particles with similar characteristics to tarballs, soot 
particles, and mineral particles. Spherical organic 
compounds were predominant in the ignition stage 
due to smouldering combustion conditions, while 
soot particles dominated the flaming stage. The 
identification of spherical organic particles is 
essential to understand how particles evolve once 
released into the atmosphere. Mineral particles were 
predominant in the char burning stage. Elemental 
composition analysis showed that the particles were 
rich in Si, K, Al, Fe, Ca, Zn, Na, Mg, and Ti 
depending on the combustion phase. The type of 
mineral elements released was related to the 
mineral content of the fuel.  

The information on trace elements can play a role 
in source identification due to chemical signatures or 
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emission markers. Both Si and K were high during 
the ignition phase indicating simultaneous 
combustion of wood and coal. In this case, wood was 
used as kindling. For the marker of coal emissions, 
a relatively steady increase in Si emission confirmed 
across the entire combustion cycle indicated the 
particles were emitted from coal combustion. 
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Mining is important for the South African economy, as it is for many developing African 
nations. In 2017, mining was reported to contribute 6.8 % to the South African GDP and 
provided more than 460, 000 jobs. Though mining adds an enormous amount of value 
to the country, it has significant impacts on the environment and the socio-economic 
factors of a society. The well-documented environmental impact of mining operations on 
surface and groundwater systems, known as Acid Mine Drainage (AMD), is just one of 
these environmental impacts. There are also other impacts such as the pollution of 
agricultural soils, the creation of sinkholes and air pollution. For example, airborne dust 
remains a persistent problem in South African urban areas due to the climatic conditions, 
extensive surface mining, unrehabilitated tailings dumps and mineral processing. 
However, very little is reported on the socio-economic costs that are due to poor 
environmental management. Some scholars assert that despite the Mine Health and 
Safety Act, deposition monitoring guidelines and national dust regulations, South Africa 
still experiences persistent dust problems, especially in coal and gold mining districts. 
This paper investigates the effect of gold mining dust pollution in and around 
Blyvooruitzicht Gold Mining Village, in South Africa. A quantitative and qualitative 
approach was used, where the community of Blyvooruitzicht was interviewed to examine 
their perceptions on dust pollution and their socio-economic environment. This paper 
examines how poor and premature mine closure by liquidation results in unrehabilitated 
mine tailings and how this has significant impacts on the socio-economic status of 
individuals and surrounding businesses. The community of Blyvoor being investigated in 
the paper, perceives the dust fallout impact to be a socio-economic threat. The paper 
finds that the community believes it incurs financial expenditures due to treating 
respiratory related diseases triggered by dust fallout. 
 

Keywords: Mine liquidation, mine closure, Blyvooruitzicht, dust, socio-economic costs, 
perceptions  
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1. Introduction 

The processes of winding up and business rescue 
have allowed mining companies to evade costly 
closure obligations (Humby, 2014). A winding-up 
process involves an insolvent company, placed 
under the custodianship of a liquidator, who 
manages the fair and equitable allocation of the 
company’s assets to its various creditors while the 
remaining assets go to partners or shareholders. 
This has led to premature mine closure, and poor 
rehabilitation of tailings storage facilities, which is 
believed to affect surrounding communities. When a 
mine is disused, considerable amounts of trauma 
and frustration affect the surrounding mining 
community. The distress results from job losses, 
safety issues associated with ‘Zama Zama’ (illegal 
miners) invading the disused shafts, electricity cuts, 
soil, water and air contamination (Digby, 2016).  

Recently labour costs per kilogramme in gold 
mining are on the rise while productivity stays 
approximately the same (Minerals Council of South 
Africa, 2018). This has resulted in some gold mining 
shafts being closed or placed under care and 
maintenance. Noronha (2001) indicates that the 
social and environmental impacts are pervasive in 
regions where mines are either newly established or 
closing down. South Africa is known to have a 
significant legacy of inadequately rehabilitated and 
closed mine sites, attracting an estimated 70 000 
illegal miners (Digby, 2016). The World Bank (2002) 
predicts that in the next 25 years, several mines will 
be closed in developing countries; this is already 
being seen in South African and Zimbabwean mine 
closures or where mines are being placed under 
care and maintenance. 
 

Blyvooruitzicht Gold Mining Company (BGMC) is 
a classic example of a mining company that has 
undergone premature closure through a winding-up 
procedure. BGMC is one of the oldest gold mines in 
Carletonville, South Africa. In 2013, BGMC was 
liquidated, leaving 1 700 employees without jobs and 
the surrounding communities and businesses 
affected by the environmental degradation (LHR, 
2017). The community of Blyvooruitzicht at New 
Village (ward 27), the shopping centre and nearby 
ward 5 have been complaining about the dust that is 
dispersed during the windy season because of the 
unrehabilitated tailing storage facility number 6 (TSF 
6) shown in Figure 1.  

 
Figure 1: Tailings Storage Facility 6, a windy day 

in Blyvooruitzicht Mine Village. 

The last companies to operate at BGMC, known 
as Village Main Reef (VMR) and Goldrich, left tailing 
storage facility number 6 unrehabilitated (LHR, 
2017). Records from the Environmental 
Management Plan shows that only R35 million is 
available in the trust as financial provision for 
rehabilitation whereas an amount of approximately 
R108 million would be required for environmental 
rehabilitation (FSE, 2018).  

 
The community of Blyvooruitzicht indicated that 

several organisations made false and endless 
promises to resuscitate the mine (LHR, 2017). 
Nonetheless, the Federation for Sustainable 
Environment, an NGO of environmental activists, 
has attempted to obtain accountability from the 
company through litigation. Humby (2014) argues 
that although the regulated closure model in the 
Mineral and Petroleum Resources Act (MPRDA) of 
2002 appears to be in order, the right to transfer 
mining rights as per Section 11 of the Act is 
ambiguous in terms of ownership and liability. 
Humby (2014) further maintains that the winding-up 
process, as governed by the Companies Act of 1973 
and the Insolvency Act of 1936, poorly articulates the 
mine closure model. This results in inadequate 
protection of the financial provision for 
environmental rehabilitation. The rehabilitation of the 
environment, the social issues arising from both 
premature and end of life of mine appear to be 
overlooked in the regulated model. She further 
articulates in detail the challenges associated with 
premature mine closure through the winding up 
procedure for mining operations in South Africa in 
her paper.  

 
There are various drivers of premature closure 

which lead to a degraded environment and affected 
communities. These drivers include liability shifting 
amongst companies, unclear regulatory leadership 
on care and maintenance, challenges with 
enforcement of the integrated closure plan and 
generic company regulation relating to transactions, 
poor mine planning, business rescue as well as the 
winding-up process. Environmental and human 
rights activists view care and maintenance as a ‘faux 
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legal term’, referring to indefinitely warehousing 
mines instead of spending money on rehabilitation 
(FSE, 2018).  

This paper focuses on the winding-up process as 
the main driver of premature closure and poorly 
executed mine closure processes in the 
Blyvooruitzicht case study, as there is a lack of 
research relating to identifying the key drivers. 
Laurence (2006) notes that only a small percentage 
of mines are closed according to the mine closure 
plan, with the majority closing prematurely or 
suddenly for various reasons. Milaras and McKay 
(2014) contend that numerous mines do not have 
contingencies or make specific plans for sudden or 
emergency closure. Milaras and McKay (2014) 
argue that there is a lack of institutional capacity in 
mine closure decision-making, compliance 
monitoring and enforcement as well as the support 
of long-term studies on mine closure impacts, costs 
and remediation.  

 
Thus, the focus of this paper is to investigate the 

socio-economic costs of dust fallout in 
Blyvooruitzicht Gold Mining Village, due to 
premature mine closure. The perceptions of the 
community are assessed in order to articulate how 
premature mine closure can be linked to 
environmental degradation and effects on society’s 
well-being. 

 

2. The Mining Situation in South Africa 

2.1 Mine Liquidation 

As mentioned, liquidation is regulated under many 
Acts in South Africa, aimed to regulate the process 
of winding up. The purpose of liquidation is to 
dissolve the company in an orderly manner and not 
to rescue it. The company's existence ceases 
through the formal process of dissolution (Humby, 
2014). The winding up may also be conducted in 
order to construct a brand-new company. 

 
An early example of a mining company that 

experienced liquidation in April 2009, was the Aurora 
Empowerment System (AES) which took over 
Pamodzi Gold Ltd. The process of taking over was 
finalized in October 2009. Since 2008, this company 
had been operating a mine in Orkney, one of the 
richest gold mining areas in South Africa (Stuit, 
2009; Van der Walt, 2009). However, some issues 
that arouse included that post-liquidation, 
employees did not receive their salaries due.  

 
Sudden mine closure is common in South Africa 

with catastrophic repercussions for the environment 
and surrounding communities. Blyvooruitzicht Gold 
Mine, for example, had no closure certificate and 
was liquidated in 2013, when a sale between 

DRDGOLD and Village Main Reef fell through. The 
liquidator and activists failed to gain access to 
Blyvooruitzicht’s financial provision, which was still 
managed by DRDGOLD personnel. According to 
Olalde (2017), the Promotion of Access to 
Information Act (PAIA) documents show the fund sits 
at about R35 million, a level DRDGOLD admitted 
was vastly inadequate to clean up the mine. Another 
example of a liquidated mining company is Mintails 
Mining South Africa; which holds three mining rights, 
which cover 1, 751 hectares near Krugersdorp. It is 
stated that Mintails requires about R 259 million to 
complete rehabilitation on those rights, a figure that 
is far too low, according to the environmental 
management programme report (FSE, 2018). The 
PAIA documents reveal that the company and 
related entities hold less than R17 million in funds for 
rehabilitation (FSE, 2018). 

 
During the process of liquidation of a mining 

company, the financial provision for rehabilitation 
seems not to be recognised as a special claim 
against the company's assets to be set aside prior to 
satisfying creditors. This forms part of the reason 
why some mining-affected communities like 
Blyvooruitzicht are faced with environmental impacts 
from unrehabilitated tailings storage facilities. 

 

2.2 Mine closure in South Africa  

 Mine closure planning is part of the mine life 
cycle, which includes exploration, pre-feasibility, 
development through operations to closure and 
rehabilitation. The closure planning is multi-
dimensional and is mutually dependent on the 
surrounding communities (ICMM, 2010). In South 
Africa, mine closure is regulated under the MPDRA 
and National Environmental Management Act 
(NEMA) under the Department of Mineral Resources 
and Department of Environmental Affairs (DEA) 
regulatory authorities.  

 
The best practice of mine closure planning is to 

consider closure at the exploration phase, when the 
feasibility of the mine, design and mining permits are 
established (Stacey et al., 2010a). Mines normally 
close at the end of the mine’s life cycle, when the 
mineral resources and reserves are depleted. 
However, it has been observed lately that mines are 
closing prematurely for reasons including 
economics, politics or geological complexities 
(Laurence, 2006). 

 
Fourie and Brent (2008) point out that South 

Africa has adequate policies and legislature on mine 
closure, especially when considering social and 
community development. The promulgation of the 
MPRDA, aims to ensure that mining companies take 
responsibility towards community growth and 
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development. The MPRDA Section 43 (3) states that 
a holder of a mining right/permit must apply for a 
closure certificate upon cessation of mining 
operations or relinquishment of any portion of land to 
which the right/permit relates. 

Until mid-2014, mine closure planning was 
regulated by the MPRDA. Since then, it has been 
regulated under NEMA as a sustainable 
development construct. However, some of the 
elements of mine closure, such as relinquishment 
are still regulated by the MPRDA. Section 2 of NEMA 
provides specific guidance on the closure of mining 
operations, mandating that a mining right holder: 

1. Rehabilitate the environment as far as 
reasonably practicable to its natural state or 
to a land use which conforms with the 
generally accepted principle of sustainable 
development; 

2. Set aside a financial provision - which only 
the state can access - to ensure such 
rehabilitation occurs; and 

3. Retain liability for environmental damage 
even after closure of the operation 

Most attention has focused on the financial 
provision, the duration of liability and the gaps which 
allow companies to contract out of their mine closure 
obligation (WWF, 2012; Humby, 2013). The issue 
with this provision is that it only applies if the new 
order mining right has been issued for a particular 
mining company. In the case of Blyvooruitzicht, this 
new order mining right had not been issued prior to 
liquidation, thus neither the DMR nor the liquidator 
could step in to take care of the community and avoid 
environmental degradation.  

2.2.1 Socio-economic aspects of closure  

Studies demonstrate the multi-factorial nature of 
mine closure. The various stakeholders have unique 
needs relating to mine closure. For example, mine 
owners want minimal liability for closure within a 
reasonable time frame while the government does 
not want to be left with high financial or social 
liabilities (Milaras and Mckay, 2014). On the other 
hand, mining-affected communities want an 
opportunity to maintain and improve their quality of 
life. Furthermore, communities want the socio-
economic activities around the mine to continue in its 
absence. For most mining areas, the activity 
replaced subsistence agricultural farming, making 
communities overly dependent on mining. This 
dependence brings about numerous challenges 
when a mine closes, such as loss of employment 
and closure of businesses (Siyongwana and 
Shabalala, 2018). 

South Africa can learn from other countries with 
regards to mine closure. In the international arena, 
the International Council of Mining and Minerals 

(ICMM) in 2010 notes that mine closure requires the 
attention of multiple stakeholders. The stakeholders 
include the government, the global mining industry, 
the local community and international organisations 
that are actively involved in ensuring sustainability in 
the mining sector. This multiple stakeholder 
involvement is considered good practice 
internationally. 

 
The ICMM allows for community participation in 

decision-making from early stages of mine 
development through to mine closure. The ICMM 
practices uphold ongoing maintenance and support 
of local mine communities even after the mine has 
closed. 

The Eden Project in the UK, for example, a former 
clay-mining pit, was transformed into an 
environmental tourism attraction and educational 
charity (Eden Project, 2011).  

2.2.2 Environmental challenges (dust) 

The pollution of air, soil and water caused by 
mining activities has detrimental impacts on the 
health and well-being of surrounding mining 
communities. The Human Rights Commission 
conducted a study in 2016 on mining-affected 
communities in the Gauteng Province. The study 
reports that most communities complain about 
increased levels of dust, deteriorating health and 
threatened food security. Communities have drawn 
attention to poor environmental remediation and 
overall management (SAHRC, 2016). According to 
Anglo Gold Ashanti (2004), from 1997, South Africa 
produced an estimated 468 million tonnes of mineral 
waste per annum (DWAF, 2001). Of this quantity, 

gold mining waste accounts for 221 million tonnes − 
equivalent to 47 % of all mineral waste in South 
Africa. 

 
 NEMA acknowledges that the state’s 

environmental obligation is linked to the 
responsibility to respect, protect and fulfil socio-
economic rights. Environmental degradation due to 
a failure to rehabilitate tailings storage facilities by 
mining companies infringes human and socio-
economic rights. Environmental rights go hand-in-
hand with rights to sufficient food, water, health, land 
and dignity. Anglo Gold Ashanti (2004) reports that 
more than 270 tailings dams exist in the 
Witwatersrand Basin, which covers 400 km2 of land. 

 
 With the introduction of the MPRDA, NEMA and 

the One Environmental System (OES), the state is 
trying to redress all the negative impacts caused by 
mining activities. 

The OES integrates the roles of the various 
regulatory authorities i.e. DEA, DMR and DWS to 
avoid duplication. 
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Air pollution due to of unrehabilitated tailings 
dumps is believed to trigger respiratory diseases to 
surrounding communities. Nkosi, Wichmann and 
Voyi (2015) find that exposure to mine dumps and 
residing in close proximity to mine dumps poses 
increased risk for respiratory disease. Illnesses such 
as asthma, chronic bronchitis, chronic cough, 
emphysema, pneumonia and wheeze are 
associated with communities residing in close 
proximity to mine dumps at a distance of less than 5 
km (BMF, 2017). The respiratory illness is triggered 
by the fact that tailings material is usually fine-
grained and can be inhaled; the material also 
contains toxic heavy metals.  

Air quality monitoring and management are 
regulated under the National Environmental 
Management: Air Quality Act, 39 of 2004 
(NEMAQA). In 2013, the DEA released the National 
Dust Control Regulations, founded on the need to 
prevent pollution and ecological degradation and 
ensure the protection of the right to an environment 
that is not harmful to health and well-being. 
Moreover, Section 33 of NEMAQA requires mining 
companies to notify the minister in writing if mining 
operations are likely to cease within a period of five 
years. Despite all these regulations and standards in 
place, non-compliance is still prevalent in the mining 
industry.  

In Soweto, for example, the communities residing 
in close proximity to tailings dumps have ongoing 
respiratory illnesses (BMF, 2017). International 
Human Rights Clinic Harvard Law School 
(IHRCHLS) (2016) points to the chemical toxicity of 
the Witwatersrand tailings dumps. These tailings 
dumps contain significant levels of arsenic, 
cadmium, cobalt, uranium, lead and zinc (Coetzee et 
al., 2006; Heyl, 2007 in van Eeden et al., 2009). 
Uranium is of the greatest concern because it is 
radioactive and when broken down, it releases a 
toxic gas called radon. When this is inhaled or 
ingested, it can cause brain damage and cancer in 
the long term (Van Eeden, Liefferink and Durand, 
2009). Other scientific research has shown that 
when water containing uranium is rubbed against 
animal skin, it causes skin irritation and damage.  

2.3 Socio-economic challenges  

 The Mining Charter’s Broad-Based Socio-
Economic Charter is a South African Government 
instrument designed to promote sustainable growth 
and meaningful transformation in the mining 
industry. The Charter aims to promote equitable 
access to the nation's mineral resources to all South 
African people and to expand opportunities for 
Historically Disadvantaged South Africans (HDSAs). 
Furthermore, the Charter aims to promote 
employment and advance the social and economic 
welfare of mine communities and major labour-
sending areas. 

The Mining Charter acknowledges the issue of 
communities as an integral part of mining 
development. The social licence to operate for a 
mining company’s deals with the meaningful 
contribution towards community development. To 
ensure the approval of the social licence to operate, 
mining companies should be consistent with 
international best practice and guidelines, where the 
company invests in ethnographic, consultative and 
collaborative processes with the community prior to 
mining project inception.  

3. Study area 

Blyvooruitzicht is a gold mining town located 6 km 
south of Carletonville, in the Gauteng Province of 
South Africa (Golder Associates, 2016). Blyvoor gold 
mine first commenced in the 1930s and continued up 
until August 2013, when the Blyvooruitzicht Gold 
Mining Company Ltd. was placed under liquidation. 
The mine is believed to have been liquidated 14 
years ahead of schedule due to a slumping market 
and labour disputes. The mine generated about £ 
2.5 million of gold, silver, uranium and other minerals 
but it is now a volatile wasteland (DRDGOLD, 2007). 
Before the premature closure of the mine, there were 
ten tailings (slimes) dams on the mine property, of 
which only two were active. The No. 6 slimes dam 
was the disposal area and the No. 1 slimes dam was 
utilised as a disposal area only in emergencies. 
Figure 2 shows TSF 6 located in close proximity (60 
m) from the community of Blyvoor mine village. 

 

 
Figure 2: Tailings storage facility number 6 in 

relation to the community location. 

3.1 Challenges 

In 2016, when the residents of Blyvooruitzicht (or 
“Blyvoor”) were interviewed by Lawyers for Human 
Rights, they mentioned that the air was not clean. 
The district just west of the city recorded 42.24 
metric tons of tailings-piles dust blowing into the air 
daily, some of it contaminating livestock and food 
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crops. Residents said that tailings caused health 
problems ranging from cancer to asthma, rashes, 
eye irritation and eczema, to name a few. However, 
a lack of local epidemiological studies has made it 
nearly impossible for communities near mine dumps 
to pursue litigation against mining companies. 
Residents also mentioned that there were several 
deaths in the area due to illnesses such as TB, which 
they believe, are triggered and caused by dust (LHR, 
2017). Figure 3 below illustrates the fallout dust 
problem where, during the windy season, incidences 
exceeding SANS standard 9, occurred in October 
2014. 

 

 
Figure 3: Dust concentrations in 2014 in 

Blyvooruitzicht (Rayten Engineering, 2015) 

4. Methodological Approach 

This research utilises both quantitative and 
qualitative techniques to probe the subject of the 
socio-economic costs of dust at Blyvoor. A 
structured questionnaire was designed to obtain 
opinions and perceptions of Blyvoor residents. A 
series of semi-structured interviews were conducted 
with several businesses at Blyvoor. Other semi-
structured interviews involved personnel from the 
Centre of Environmental Rights, Lawyers for Human 
Rights and various liquidators. To gather data on the 
socio-economic status of the Blyvoor community, a 
household survey was conducted. This data was 
augmented by census data, Integrated Development 
Plans, Service Delivery and Budget Implementation 
Plans. The Department of Mineral Resources (DMR) 
could not contribute to this paper, which is 
unfortunate for this research. The DMR’s views and 
comments would have added significant value to the 
overall research as they are part of the key 
stakeholders in regulating mineral resources. It was 
expected that the DMR can explain whether they 
have any plans in place to curb the environmental 
and socio-economic impacts by holding liquidated 
mining companies liable. 

4.1 Sampling 

The key stakeholders were identified as 
informants of this research regarding the socio-
economic impacts of dust in Blyvoor. A simple 

random sampling technique was used when 
administering the questionnaires. This means 
anyone in the mine village had an equal chance of 
being selected. 

The samples were selected at random, where 300 
households were visited by five enumerators. The 
samples were first selected at Ward 5, close to the 
clinic of Blyvoor. The second set of samples were 
obtained at random in New Village, located 2 km 
away from the small OK shopping centre and about 
60 m away from TSF6. 

4.2 Data collection and instrument  

Two questionnaires were designed for the study. 
The first questionnaire was directed at the residents 
of Blyvoor. The House Health Survey questionnaire 
was adopted during the design of the questionnaire 
to elicit specific, quantifiable information available 
such as household demographics, common 
illnesses linked to dust and health services. This 
questionnaire was adapted from the World Health 
Organisations’ world Health Survey Guide to obtain 
the empirical information (WHO, 2002). The second 
questionnaire (open-ended interview questions) was 
directed at the businesses of Blyvoor and other 
stakeholders, which included Lawyers for Human 
Rights, liquidators and the Centre for Environmental 
Rights. 

Data collection followed a typical Social Impact 
Assessment investigation by taking into 
consideration demographic factors, socio-economic 
determinants such as income, employment, labour 
migration, health, well-being and family composition. 
Furthermore, the social organisation and capacity of 
the households, the environment (air quality) as well 
as needs and values were investigated. Department 
of Environmental Affairs and Tourism (2006) 
suggests that social impact studies are complex and 
the input of the community in the assessment should 
never be underestimated. Thus, this paper bases its 
discussions on the community’s perspectives. 

4.3 Data analysis  

 The chartered statistician of the UJ Statistical 
Consultations Services assisted in analysing the 
responses; through the use of SPSS statistical 
software. Descriptive statistical analysis assisted in 
addressing the community perceptions regarding 
dust, socio-economic status and premature mine 
closure. The second questionnaire responses were 
analysed through conceptual analysis, such as 
deciding on the level of analysis, number of concepts 
to code, distinguishing the concepts, coding the text 
and analysing the results. 

4.4 Data reliability  

The questionnaire directed at residents was first 
administered to 20 households from Ward 5 and 
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another 20 households in New Village. The 
responses were analysed and some questions were 
amended, with ambiguous questions being 
rephrased or removed. The questionnaire was re-
administered again to the same 40 individuals; the 
same responses were observed, making our 
respondents reliable and stable. Validity was tested 
by comparing the two wards and the manner in 
which the households responded was found to be 

similar.  

4.5 Ethical considerations  

The study methods and research instrument 
(questionnaire) was scrutinised and approved by the 
UJ Faculty of Engineering and Built Environments’ 
ethics committee.  

5. Results and discussion  

Blyvoor is a typical gold mining town which 
consists of a mixture of individuals from different 
linguistic backgrounds including Afrikaans, Xhosa, 
Sotho, Tswana and very few Zulu speaking people. 
A significant number (72 %) of the residents have 
lived in this town for more than 10 years and 
originally came to Blyvoor for work purposes. 
StatsSA (2018) notes that the workforce of South 
Africa is between the ages of 25-64 years. What is 
observed in Blyvoor mining village is that this very 
same age group is unemployed.  

 
At the time of conducting the study, individuals 

aged 30 to 50 were found at their homes and some 
were tenants. There was almost a 50/50 split in 
gender with females being slightly more prevalent at 
54 %. This could be attributed to the historic belief 
that men should go and find work during the day 
while women do household chores. This could not, 
however, be confirmed. Another reason could be 
that there are more women (51 %) than men (49 %) 
in the country, as indicated by the census conducted 
in 2011 (Census, 2011). Some women explained 
that their husbands had returned back to their 
homelands after the mine was liquidated. Research 
by the World Bank and the International Finance 
Corporation (IFC) reveals that 90% of women in 
mining communities are not formally employed 
(World Bank and IFC, 2002). In each house, there 
were about 4 - 7 individuals residing. This is 
attributed to the fact that a household is made up of 
family members and tenants renting rooms inside 
the house as well as outside cottages. Homeowners 
are taking on tenants as a means of supplementing 
income through rentals. According to Michael Bauer 
Research (2018), the average household size in 
South Africa is 3.3 people. It is anticipated that 
households are larger in size in mining villages like 
Blyvoor due to the surrounding mining activities 

which promise employment and thus increase 
migration.  

 
Figure 4 indicates that since the liquidation of 

BGMC in 2013, most Blyvoor residents are 
unemployed (51 %). This number is higher than the 
national employment rate of 26.7 % in 2017 
(StatsSA, 2018). The residents of Blyvoor explained 
that they struggled to find employment anywhere 
around the Carletonville area. Most respondents 
indicated that the only skills and experience they had 
been in gold mining. The individuals who had some 
form of employment were involved in economic 
activities such as mining, agriculture, livestock 
farming and subsistence business activities. 

 

 
Figure 4: Employment Status of the respondents 

As shown in Figure 5, 63 % of the residents had 
completed matric whereas others had not completed 
their schooling. The national South African 
household survey reported higher education level as 
a protective factor for respiratory diseases (Ehrlich, 
White, Norman, Laubscher, Steyn & Lombard, 
2004). According to the 2011 census, only 28.4 % of 
South Africans over the age of 20 had completed the 
twelfth grade, 33.8 % had reached high school and 
12.1 % had a tertiary qualification, which is reflected 
in this community. 

 

 
Figure 5: Level of education of the respondents  

As illustrated in Figure 6, the average monthly 
income for Blyvoor residents ranged from less than 
R2 000 (39 %) to R3 000 (31 %). This amount is 
below the minimum wage of South Africa (National 
Minimum Wage Act, 2019). Furthermore, most 
respondents had matric as their highest qualification. 
According to Nkosi et al. (2015), residing in close 
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proximity to mine dumps, smoking habits, the use of 
paraffin for cooking and heating and low levels of 
education are significant factors for chronic 
respiratory symptoms and diseases. Furthermore, 
low levels of literacy are associated with low socio-
economic status and have been identified as a risk 
factor for respiratory illnesses and symptoms 
(Karnevisto et al., 2011). What is observed in the 
present study accords with the findings of Karnevisto 
et al. (2011) as the community complained of 
respiratory illnesses and seemed not to have 
reached a higher education level. 

 

 
Figure 6: Monthly income of the respondents  

Only 4 % of the respondents indicated that they 
earned more than R15 000 per month. These 
individuals are possibly the residents who indicated 
permanent employment. 

The occurrence of smoking in the community was 
also assessed. Of the respondents, 78 % said that 
they did not smoke, 14 % responded in the 
affirmative while 8% said they were ex-smokers. 
This question was investigated to show that the 
respiratory illnesses that occurred in this mining 
village were not necessarily as a result of smoking 
but could be related to dust. The ex-smokers 
mentioned that doctors advised them to stop as they 
had been diagnosed with chronic respiratory 
symptoms.  

5.1 The problem of air pollution by dust - 
environmental impact 

The respondents in Blyvoor (36 %) mentioned that 
they considered pollution by dust to be a very serious 
problem. Only 1 % believed that dust was not an 
important problem.  
 

 
Figure 7: Level of importance placed on air 

pollution by dust  

The respondents (63 %) answered that they were 
interested in environmental well-being. The majority 
of the Blyvoor community (94 %) admitted that there 
is a problem of dust pollution, and specifically from 
TSF 6. The Sotho and Tswana speaking 
respondents euphemistically called the tailings 
dump 6 ‘motoro’ which means mud. The Xhosa and 
Zulu speaking people called it ‘iindunduma’ which 
means hills. All respondents (100 %) agreed that 
TSF 6 was the source of dust causing the air 
pollution.  

This poses health threats to the surrounding 
community which inhales the toxic dust from the 
tailings, the community believes. A similar 
observation was made by Kitula (2006) in 
Tanzania’s Geita District. There, the Geita Gold 
Mine Company (GGMC) was closed and the 
community suffered respiratory illnesses due to dust 
from poorly rehabilitated tailings dumps. 

 
It was also investigated whether there were any 

indoor sources of air pollution (i.e. heating and 
cooking methods). It was noted that electrical 
heaters and stoves were used; as electricity is 
subsidized by the Merafong Municipality, during the 
period of mine liquidation.  

The respondents mentioned that dust was most 
prevalent in winter (51 %) and early spring (31 %). 
The respondents were asked whether they were 
aware of national dust standards. Ninety percent of 
the respondents answered in the negative, indicating 
that they were not aware. A follow-up question was 
posed to find out what individuals wanted to be 
improved in the standards. The respondents 
explained that there was nothing wrong with the 
standards themselves; they did mention, however, 
that the enforcement of compliance was a problem. 
The respondents also expressed the hope that the 
government would strengthen the enforcement, 
management, monitoring and compliance with 
standards. 

 

 
Figure 8: Dust’s effects on individuals’ economic 

status 

The respondents were asked whether dust 
affected their economic status in any way (Figure 8); 
75 % responded in the affirmative. Other 
respondents went on to explain that this was 
something they had never actually thought about, 
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therefore they did not know (22 %). According to 
Article 12 of the International Covenant on Civil and 
Political Rights (1998), there is a direct link between 
a healthy environment and quality of life, including 
the fulfilment of human rights. Similarly, the 
Committee on Economic Social and Cultural Rights 
(2002) recognizes that the enjoyment of economic, 
social and cultural rights depends on a healthy 
environment. For the Blyvoor community, those 
rights have been infringed due to air pollution from 
the tailings storage facilities as perceived by the 
community. 

 
The respondents who answered in the affirmative, 

that dust did affect their socio-economic status, 
mentioned medical (97%) and cleaning costs (3%) 
as the major economic effect of dust. The residents 
of Blyvoor maintained that the dust brought about 
respiratory illnesses. During the windy season, the 
Blyvoor community mentioned that they spent 
increased amount of money on health care (about 
R400 per month).  

Most residents perceived that dust management 
had not improved in the area of Blyvoor because 
tailings 6 had not been vegetated and there were no 
water sprinklers to suppress the dust.  

About 71 % of the respondents mentioned that 
they had vegetable gardens and ate the vegetables 
from their gardens. Only 30 % of the respondents 
with gardens said they did not eat the vegetables 
from their gardens because of dust and went to the 
shops to buy vegetables. About 88 % of the 
respondents explained that they produced fewer 
vegetables during the windy season and more 
vegetables during the non-windy season. The 
concern is that plants absorb radioactive substances 
from the soil and are then consumed as food.  

Businesses in the small shopping centre located 
approximately 120 m opposite TSF6 listed the 
following as costs due to dust from the tailings dump: 

1. Damage to electronic equipment 

(printer, photocopier and scanner); 

2. Purchasing dust masks for 

employees (petrol attendants); and 

3. Cooked food products accumulating 

dust from the tailings dump having 

to be thrown away at the OK 

supermarket. 

The community of Blyvoor was asked whether 
they would be willing to pay to offset the dust fallout 
impact. Some residents (55 %) of Blyvoor indicated 
that they were willing to pay to rehabilitate the 
tailings dump 6. However, the remainder mentioned 
that they had no employment and would therefore 
not be able to contribute to rehabilitation. 

 
As can be seen in Figure 9, the bulk of the 

respondents (56 %) were not willing to pay more 

than R100 to rehabilitate the mine. The respondents 
mentioned that they were not the ones who created 
the problem and therefore should not have to 
contribute so much money for something that was 
not their fault. 

 

Figure 9: Households’ amounts they are willing to 

contribute 
 
The challenge is exacerbated when a mine closes 

unexpectedly and diminished growth and 
development are experienced. Numerous scholars 
have raised concerns about local communities, with 
regards to mine closure. The concerns focus on 
negative environmental effects such as disintegrated 
infrastructure, river contamination, and dust 
generation (Andrews-Speed et al. 2005; Murray et 
al., 2005). Other scholars focused on social impacts 
such as crime increase, drop in the quality of life, 
people exiting mining towns and food insecurity 
(Botha et al. 2014; Marais, 2013; McDonald et al. 
2012; Rawashdeh et al. 2016; Rixen and Blangy 
2016 ; Block and Owusu 2012; Ennis et al., 2014; 
Mengwe 2010 ; Ntema et al.,2017). It is obvious that 
communities become vulnerable after sudden mine 
closure. 

 

6. Summary 

It is disheartening to realise that despite the size 
of the mining industry, the direct and indirect 
environmental and socio-economic impacts are not 
clearly understood. Golder Associates (2003) note 
that possibly, the only true measure of sustainable 
development is quality of life, which is affected by 
many factors derived from Maslow’s (1954) 
Hierarchy of Needs.  

 
The hierarchy of needs of the Blyvoor community 

appears to have been severely impacted by the 
liquidation of the gold mine. The results of the study 
indicate that the community feels that the biophysical 
environment is degraded through air pollution by 
dust and this poses health threats. The community 
perceives that environmental degradation occurs as 
a result of unrehabilitated tailings storage facility 
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number 6. The community also perceives the 
dispersed dust as a threat to their health and 
economic status. Furthermore, the community of 
Blyvoor feels that their economic status is affected 
through medical expenditure to treat respiratory 
illnesses. 

It is estimated that R890 million is the 
rehabilitation liability at Blyvooruitzicht mine. 
Instead, only R34 million is available to address this 
problem (Golder Associates, 2003). The community 
of Blyvoor is not willing to pay for rehabilitation 
because of the impacts of dust on their quality of life. 
Though the community in the mining village 
complains about the dust from TSF 6, it seems to be 
willing to accept the problem. This is shown by their 
willingness (and possibly their inability) to pay for a 
rehabilitation fund for the tailings dump.  

Anger, depression and anxiety was observed 
amongst the community of Blyvoor because of TSF 
6, and the sudden mine closure. Tailings storage 
facility No. 6 has been a major environmental 
problem for the Blyvoor mine village ever since the 
mine liquidation occurred. Dust is made up of solid 
particles ranging from 1-75 µm in size. Specifically, 
dust fallout has an average aerodynamic diameter of 
20 µm, which can be transported into the air by 
physical processes such as wind, moving vehicles, 
stack emissions and fugitive emissions (Terblanch, 
2009). People in communities such as Blyvoor are 
exposed to dust through inhalation as well as 
ingestion. Larger dust particles, greater than 100 
µm, can settle in the nasal region while finer particles 
can penetrate through the respiratory tract into the 
lungs. The biggest threat with the dust from TSF6 is 
that it is a receptor for toxic heavy metals which are 
part of the mining waste.  

 

7. Conclusion 

 The community perceives that conditions 
resulting from the unrehabilitated tailings dumps 
affect their health, well-being and economic status. 
The Blyvoor community has been unable, since 
2013, to avoid breathing and ingesting the pervasive 
dust from TSF 6. Although the South African mining 
regulatory frameworks and dust standards seem 
robust, compliance, management and mitigation 
strategies seem to be offset by conflicting 
regulations such as the NEMA, MPRDA with the 
Companies Act, 1973 and the Companies Act, 2008. 
The effects of these conflicts result in uncontrolled 
dust pollution from unrehabilitated tailings storage 
facilities, which poses threats to communities’ 
health, well-being and economic status. In 
policymaking and development, all stakeholders 
need to meaningfully contribute, including 
governments, citizens, civil society and companies. 
This paper shows that socio-economic impacts will 
be different for each stage of a mining project and 

not all impacts will occur at each stage. For example, 
in the case of the Blyvooruitzicht community, the 
perception is that major environmental impact 
continues to affect the socio-economic status of the 
community, which is dust post closure. 

8. Recommendations 

South Africa can learn from countries such as 
Australia and Canada, which are under immense 
pressure to demonstrate that local indigenous 
communities gain socio-economic benefits from 
mining development on their land. For example, in 
New South Wales in Australia, a corporation was 
established as an organisation to safeguard 
indigenous heritage and maximise the socio-
economic benefits that the community gains from the 
mine. The corporation established programmes that 
include a Business Hub to support local 
entrepreneurs, an education centre and a cultural 
heritage programme. 

 
Though the community of Blyvoor links TSF6 with 

their respiratory illnesses and the nurses in the clinic 
support this, a quantification of dust through 
dispersion modelling is recommended to 
demonstrate the exposure of the community to dust. 
This study, as it stands, has not provided evidence 
for causality. Furthermore, a particle size analysis 
and chemical content analysis of the dust is required 
to assess the severity or threats posed by the dust 
from TSF 6. The study has only relied on perceptions 
of the community and local doctors as well as clinic 
staff in terms of the causes and prevalence of 
respiratory illnesses and symptoms. 

 
This study recommends the following measures 

to address the issue of mine liquidation and its 
impacts: 

 

1. The DMR should clearly define the minimum 

amount of financial contribution towards 

SLP projects annually. 

2. The OES should not be limited to DEA, 

DMR, DWS; it should also include NNR and 

DRDLR. 

3. The establishment of an independent task 

team is highly required to intervene before 

environmental and social problems arise. 

4. Mining companies should be willing to 

attend and address community-specific, 

socio-economic challenges through the use 

of local and indigenous knowledge and by 

establishing community relation 

departments. A community engagement 

policy is recommended for mining affected 

communities. 
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5. A stringent enforcement mechanism for 

compliance with EIAs, EMPs, SLPs and 

their implementation is required. The 

visibility of the DMR throughout the life of a 

mine is highly recommended. Further 

transparency initiatives are recommended 

for the DMR to publicly disclose the 

performance of funds received from 

companies such as financial provisions for 

rehabilitation 
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Abstract 

The Department of Environmental Affairs (DEA) has reviewed methods for measuring 
dustfall in terms of the National Dust Control Regulations (NDCR). DEA recommended that 
the American Standard Test Method D1739 Method for Measurement of Dustfall (Settleable 
Particulate Matter) be retained but updated to the current version ASTM D1739−98 
(Reapproved 2017). Changes include a windshield fitted to the sampling stand, a move to 
dry sampling and reporting metrics differing from the units in the NDCR. The South African 
Bureau of Standards has adopted ASTM D1739−98 (R2017) with modifications. 
Promulgation is anticipated in November 2019, after which dustfall monitoring networks will 
need to upgrade to include a windshield and containers that meet the standard dimensions: 
“An open-topped cylinder not less than 150 mm in diameter with height, not less than twice 
its diameter.” Strict adherence to the dimensional specification for containers will require 
either manual manufacture or a purpose-designed injection mould. Either option would add 
considerably to monitoring costs. Plastic buckets shallower than the specification are 
commercially available at a lower cost. A trial was conducted to compare sampling 
efficiencies of three containers of different dimensions to justify a possible deviation from 
the ASTM D1739–98 (R2017). Dimensions of the containers were: (a) a hand-manufactured 
container meeting the exact ASTM D1739 dimensions – Diameter = 150 mm, Height = 300 
mm, D:H = 2.00; (b) a 6 L bucket, D = 170 mm, H = 270 mm, D:H = 1.59; and (c) a 5 L, D = 
170 mm, H = 230 mm, D:H = 1.35. Samplers with each of these containers were co-located 
at seven sites near mine tailings facilities in Johannesburg, and operated for 12 months, 
September 2018 to August 2019. Results are presented with conclusions as to whether the 
dimensions of the commercial buckets may be regarded as equivalent and able to justify a 
modification of the South African implementation of the ASTM1937 dustfall method. Other 
compliance issues related to the length of the sampling period and the units of reporting are 
discussed. 

Keywords: dustfall, windshield, ASTM D1739, dust deposition, windblown dust, National 
Dust Control Regulations

1. Introduction 

This paper presents results of an experimental trial 
for evaluating variants of dustfall monitoring method 
ASTM D1739-98 (Reapproved 2017) using sampling 
containers (buckets) of three different dimensions 
(ASTM D1739, 2017). This version of the ASTM 
D1739 standard is specified in the draft revised 
National Dust Control Regulations (anticipated to be 
promulgated in November 2019) and replaces an 
earlier version of the standard (ASTM 1739-70) 
specified in the current National Dust Control 
Regulations (NDCR, 2013). Significant changes 

incorporated in the D1739-98 version are the 
addition of a windshield, sampling with a dry 
container (the earlier version provided for setting out 
the sampler 2/3rd filled with water), and a 
specification for the sampling container to have a 
minimum depth-to-diameter ratio 2:1. The shift from 
wet to dry sampling is linked to a change to depth-to-
diameter ratio of the sampling container, presumably 
to reduce turbulent resuspension of the deposited 
material. However, the introduction of the windshield 
has the intention to enhance laminar flow over the 
container top, thereby reducing internal turbulent 
flow and the probability of resuspension, as has been 
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demonstrated by computational fluid dynamic 
modelling of airflow impinging on a dust sampler, with 
and without a windshield (Kornelius, 2016).  

Amendments to the National Dust Control 
Regulations (NDCR, 2013) and the adoption of 
ASTM D1739-98 as the method for determining 
dustfall have been extensively workshopped by the 
Department of Environmental Affairs, with 
participation from stakeholders, who have broadly 
welcomed the retention of the ASTM method as 
amended. However, implementation of the revised 
standard has presented a practical and economic 
challenge in that injection moulded plastic containers 
of the specified dimensions are not readily available 
in South Africa. Strict adherence to the specified 
sizes presents the following option: to produce 
buckets in short-run productions using fiberglass; 
manual production by machining and gluing plastic 
components; or to commission the design and 
manufacture of a dedicated new injection mould for 
the mass production of buckets of the specified 
dimensions. The number of containers for the entire 
dust monitoring sector could not justify the capital 
expense (>R0.3 million) of a new custom-made 
injection-mould. At the same time, alternative short-
run manufacturing will increase the cost per item by 
a factor ten or more. In either eventuality, strict 
adherence to the standard dimensions for containers 
will result in a sharp increase in the cost of the 
dustfall monitoring.  

An alternative strategy would be to use containers 
of slightly different dimensions that are mass-
produced for other industries. By placing orders with 
injection moulding producers for such containers 
using existing injection moulds, it would be possible 
for the dust monitoring sector to obtain economically 
advantageous sampling buckets. The only special 
requirement for buckets to be used in dust sampling 
is the addition of an ultra-violet inhibitor to prevent 
the rapid deterioration of the plastic when exposed to 
prolonged sunlight. Minimum production runs from 
factories are 5 000 units to justify the time and effort 
of initial setup, a large but affordable number.  

The purpose of the present investigation was to 
evaluate two alternative sampling containers that are 
available locally and to establish their equivalence in 
terms of dustfall sampling in South African 
conditions. If equivalence could be demonstrated, 
this evidence could be used in support of an 
application to the SABS and DEA for a relaxation of 
the 2:1-dimensional specification of the sampling 
container in standard D1379-98. This paper 
describes results of a year-long field trial of two test 
sampling containers in a side by side comparison 
with a regulation size container as seven sites 

located near gold mine tailings storage facilities on 
the Witwatersrand. As an adjunct, three identical 
samplers were co-located at three of the sites to 
establish the standard deviation of the dustfall 
method within the range of deposition rates 
encountered in local conditions surrounding gold 
mine tailings. Although such side by side sampling 
has been reported previously, the current set of trials 
are more comprehensive in terms of the number of 
sites and more appropriately located (downwind of 
known high dust emission sources) than some of the 
previous similar trials.  

2. Methods and Materials. 

2.1 Key elements of the ASTM 1793-98 
dustfall sampling method 

ASTM 1793-98 specifies an open top container, 
set out at sampling locations on stands such that the 
top of the container is at 2 m above ground level. The 
stand should incorporate a windshield (and bird 
guard) constructed according to the dimensions 
presented in Figures 1 and 2 of the standard (see 
Figure 1). The addition of a windshield is a key 
feature in which the ASTM D1739-98 version differs 
from the D1739(1970) version. The dimensions of 
the containers are specified to be cylinders with a 
minimum diameter 150 mm and height not less than 
twice the diameter. Not mentioned explicitly but 
implied is that the containers should be set out dry, 
that is without the addition of water and possibly a 
biocide, as was the case for the D1793 (1970) 
method. The sampling period is specified as “one 
calendar month with an allowance of ±2 days 
permissible when the set-out and pick-up dates are 
chosen. Results are normalized to a thirty-day 
period.” (ASTM 1793, 2017, Section 94).  

 

Figure 1: Windshield for dustfall container 

(Adapted from ASTM D1739−98 (R2017)). 
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The incorporation of the windshield is intended to 
reduce turbulent swirls over and into the container 
with consequent possible resuspension of deposited 
dust. ASTM D139-98 refers to Köhler and Fleck 
(1966) who reported on extensive trials of various 
dust monitoring devices, with and without 
windshields, demonstrating that the coefficient of 
variation in dustfall was lower when a sampling 
device incorporated a windshield.  

The ASTM D1739-98 (Reapproved 2017) 
standard does not refer to a wet sampling method 
(with water and biocide), in contrast to the 
ASTM1739-70 standard where it is stated that the 
“collector liquid should be kept at a reasonable level 
during the testing period (at least 1 in. of water at all 
times)”. Therefore, it has been highlighted that the 
dry-wet sampling regime will need to comply with the 
1998 version of the standard, as the containers are 
to be deployed in the field dry (i.e. without water and 
biocide). 

2.2 Specification of the experimental variable 
– container dimensions 

For this project, two readily available plastic 
buckets were selected for comparison with a 
sampling container that strictly matched the 
dimensions specified in the ASTM D1739-98 
method. The dimensions and identification codes of 
the three container types are given in Table 1. The 
container types EXP-01 and EXP-02 are readily 
available from suppliers within South Africa. The 
reference container was hand-manufactured to 
match the D1739-98 specifications.  

Table 1: Dimensions of the test containers and the 

ASTM D1739-98 compliant reference container. 

Container 
Code 

Diameter 
D (mm) 

Height H  
(mm) 

D : H 
Volume 

(L) 

EXP-01 170 230 1.35 5 

EXP-02 170 270 1.59 6 

REF-ASTM 150 300 2.00 5 

2.3 Site selection and duration of the field 
campaign 

The sites selected for testing the equivalence of 
the sampling containers were all at operational sites 
that form part of the dust monitoring network of DRD 
ERGO Gold, comprising approximately 80 locations 
covering the central, east and far east Rand gold 
mining areas (Johannesburg and Ekurhuleni 
Metropolitan areas, Gauteng Province). The seven 
selected sites were chosen as locations at which the 
dustfall record had indicated previous high values, 
i.e. a probability that the sites were impacted by wind-
blown dust from tailings storage facilities or 
reclamation activities. The sites details are presented 
in Table 2 and shown in Figure 2.  

At each site, three sampling stands (incorporating 
the windshield) were erected, one for each of the 
container types. The field trials commenced in 
October 2018, with a planned duration of twelve 
months to cover a complete annual cycle. 

In January 2019, two additional sampling stands 
were installed at two locations, so that triplicate 
sampling could take place for container EXP-02, to 
establish the variability of sampling with identical 
containers. 

Table 2: Sampling location coordinates and periods of operation (a) side by side comparison of three different geometry 

containers (seven sites); and (b) triplicate replication of the EXP-02 container and one each of the other two geometries 

(two sites). 

SITE NAME 
 

LATITUDE LONGITUDE 
CONTAINERS/ 

SAMPLERS  
SAMPLING 

PERIOD 

Knights Gold Mining  26° 11' 43.00"S 28° 11' 28.90"E 
x1 each of EXP-01, 

EXP-02 & REF-ASTM 

Oct 2018–Jan 2019 

Promat  26° 12' 17.40"S 28° 10' 03.60"E Oct 2018–Jan 2019 

Knights Gold Mining  26° 11' 43.00"S 28° 11' 28.90"E 
X3 of EXP02, x1 each of 
EXP-01 & REF-ASTM 

Feb–May 2019 

Promat  26° 12' 17.40"S 28° 10' 03.60"E Feb–May 2019 

Market  26° 13' 34.90"S 28° 04' 41.30"E 

X1 each of EXP-01, 
EXP-02 & REF-ASTM 

Oct 2018–May 2019 

House #22 Delmore  26° 12' 28.90"S 28° 12' 05.80"E Oct 2018–May 2019 

Pan Africa  26° 12' 55.40"S 28° 08' 27.40"E Oct 2018–May 2019 

Shaft 17 (Hostel)  26° 13' 45.00"S 27° 57' 42.60"E Oct 2018–May 2019 

Jhb Electricity Dept.  26° 13' 51.30"S 28° 01' 54.60"E Oct 2018–May 2019 
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Figure 2: Location of the seven sampling locations (green pins), showing their position relative to mine tailings storage 

facilities (outlined in red). 

2.4 Sampling analysis and quality control 

The retrieved dustfall samples were analysed 
following the method described in ASTM D1739-98 
for gravimetric analysis of insoluble dustfall. 
Analyses were performed at the Randburg laboratory 
of the Minerals Field and Monitoring (Air) Division of 
SGS South Africa.  

After the required exposure period on-site, the 
containers are sealed and returned to the SGS 
laboratories. For analysis, the containers are rinsed 
with deionised water to remove residue from the 
sides of the bucket, and the bucket contents filtered 
through a 1 mm sieve to remove insects and other 
coarse organic detritus. The sample is then filtered 
through a pre-weighed paper filter to remove the 
insoluble fraction. The residue and filter are dried and 
gravimetrically analysed to determine the insoluble 
fraction. Quality control procedures are maintained 
with the processing of blank samples and re-
weighing of subsets of the exposed filters. SGS is 
SANAS approved for the sampling and analysis of 
dustfall according to the ASTM D1739 methods. 

2.5 Statistical analysis 

To derive the inherent variability of the sampling 
method (standard deviation of triplicate measure-
ments at the same location for each of two sites over 
several months, the triplicate measurements of 
dustfall at each site-month were normalised, i.e. 
divided by the mean. The standard deviations were 
then calculated per month, per site, and overall.  

Comparison of the sampling containers similarly 
commenced by normalising the dustfall at each site 

for the three sampling containers. To avoid giving 
undue weight to the triplicate replicates at the two 
sites where these additional samplers were installed, 
the averages of the triplicate identical samples were 
used in the normalisation. After that, the frequency 
distributions of the dustfalls were plotted to establish 
that the results were normally distributed – a 
necessary qualification of application of the statistical 
t-test.  

Evaluation of the equivalence or otherwise of the 
mean dustfall rates for the three container types was 
performed using an ANOVA analysis with the option 
Dunnett Multiple Comparisons with a Control, with 
the ASTM reference container (REF-ASTM) selected 
as the control level. The null hypothesis H0 is that all 
means are equal, with the alternative H1 hypothesis 
that all means are not equal. The significance level 
was chosen as 0.05. A brief explanation of the 
Dunnett Multiple Comparisons with a Control and 
routines for performing this analysis are available 
and were used from the MiniTab® software package 
(MiniTab, n.d.). The null hypothesis H0 was that 
there is no statistical difference between the two 
experimental containers (EXP-01 and EXP-02) 
compared to the ASTM-1739-98 dimensions (ASTM-
REF) that were taken as the control at p = 0.05 (95% 
confidence level). 

Finally, in the discussion, we address two related 
compliance issues concerning the length of the 
sampling period (calendar month ± two days) and the 
dimensions used to report dustfall results.  
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3. RESULTS AND DISCUSSION  

3.1 Dustfall results 

Results in this paper are presented for the period 
February to May 2019 for the triplicate comparison of 
one container type (EXP-02), and the period October 
2018 to May 2019 for the comparison of the three 
container types. Summary statistics for the triplicate 
sampling at two sites are presented in Table 3. The 
maximum value was 398 mg/(m2.d) 30-day average, 
well below the DEA residential limit value of 
600 mg/(m2.d) 30-day average. A box-and-whisker 
plot (Figure 3) shows the distribution of the dustfall 
normalised for each site and month. Although the 
distribution appears broad, none of the values is 
classified as outliers according to the Tukey criterion 
(Values falling beyond 1.5x the interquartile range). 
Approximately 60% of the filters for this data sub-set 
were reweighed as a quality assurance exercise. The 
re-weighing confirmed the previous weights, and no 
corrections or deletion were made to the data. 

Table 3: Summary dustfall statistics for the 

triplicate sampling using container EXP2, for the 

period February to May 2019. [mg/(m2.d) 30-day 

average] 

  Sampling Location 

Statistic Knight Gold Mining Promat 

Mean 246 109 

Range 280 121 

Minimum 118 48 

Maximum 398 169 

Count 12 12 

 

Figure 3: Box-and-whisker plot of the normalised 

dustfall measurements of three replicate samples at 

each site for the period February to May 2019. The 

box limits represent to second and third quartiles, 

and the whiskers the limits of the first and fourth 

quartiles, with the bars showing the minimum and 

maximum values. The number of samples N = 24. 

3.2 Reproducibility of the dustfall method 

The dustfalls at each site for each month were 
normalised by dividing each dustfall by the mean of 
the three replicate samples to establish the 
reproducibility of the sampling method. The relative 
standard deviations were then calculated for each 
site-month, for the sites combined per month, and for 
all four months at each site. Finally, the overall 
relative standard deviation was calculated. Results 
are presented in Table 4.  

Table 4: Relative standard deviations of the 

normalised dustfall per site and month, and for 

combined data sets. (N - number of samples) 

  Sampling Location 

Month 
2019 

Knight Gold 
Mining 

Promat Combined 

 N = 3 N = 3 N = 6 

Feb 14% 54% 35% 

Mar 28% 18% 21% 

Apr 40% 31% 32% 

May 9% 21% 14% 

Combined 22% (12) 29% (12) 25% (24) 

 

The overall relative standard deviation (precision) 
was 25%. This is higher than the repeatability value 
of 16% reported in ASTM D1739-98 (2017, para. 
12.1.2) for a mean dustfall of 215 mg/(m2.d) (30-day 
average) This reference comments that the 
repeatability does not show any relationship to the 
magnitude of the dustfall over a range up to 350 
mg/(m2.d) (30-day average). 

3.3 Comparison of results of sampling with 
varying dimensions 

The frequency distributions of the normalised 
dustfall for the three sample containers are 
presented in Figure 4, together with fitted normal 
distribution curves. The standard deviations of the 
three sets of measurements are well fitted by the 
normal distribution and have similar variances, thus 
qualifying the data for Analysis of Variance (ANOVA) 
methods.  
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Figure 4: Frequency distribution of normalised 

dustfall for the three sampling containers REF-

ASTM, EXP-01 and EXP-02. The continuous lines 

are fitted Gaussian distributions. 

Box and whisker plot of the dustfall values are 
shown in Figure 5. There are outliers beyond the 
range of the whiskers (indicated by stars in Figure 5. 
Data were checked by re-weighing ~25% of the 
exposed filters and checking all data for transcription 
errors. The re-weighing values were within ±10% of 
the original weights. As there were no objective 
criteria for excluding any results, all data were 
retained for further analysis. 

 

Figure 5: Box and whisker plots of the complete set 

of co-located dustfall samplers. The cross indicates 

the mean, the mid-line the median and the box 

limits the first and third quartiles. The whiskers 

indicate the limits of the data, excluding outliers. 

Stars are outlier points falling more than x1.5 the 

width of the interquartile range above the third 

quartile. 

The ANOVA analysis requires that the data sets 
have equal variances, which has been demonstrated 
above. Results of the ANOVA analysis are presented 
in Box 1, and as a confidence interval chart in Figure 
6.  

The P-value of the analysis of variance is 0.59, 
indicating that the null hypothesis was accepted, and 
that there are no differences between the 
experimental means and the reference means. 
Equally, the Dunnett Multiple Comparisons with a 
Control statistic classifies the means as Grouping A 
(last lines of Box 1), indicating that the means are not 
significantly different from the reference mean (REF-
ASTM).  

Box 1: Results of the ANOVA statistical analysis 

of the dustfall data using the Dunnett Multiple 

Comparisons with a Control method.  

 

This is graphically illustrated in Figure 6, which 
shows that the confidence intervals of the experi-
mental containers span the zero value (the means 
equal the reference level), showing the differences 
between the experimental means (EXP-01 and EXP-
02) and the control level (REF-ASTM). As the 
intervals contain the value zero, the EXP-01 and 
EXP-02 means are not significantly different from the 
control (95% confidence level). 

Factor Information 

Factor Levels Values 

CONTAINERS 3 EXP-01. EXP-02. REF-ASTM 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

CONTAINER 2 19832 9916 0.53 0.59 

Error 209 3890407 18614   

Total 211 3910239    

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

136 0,51% 0,00% 0,00% 

Means 

CONTAINER N Mean StDev 95% CI 

EXP-01 68 154 139 (122 — 187) 

EXP-02 77 158 116 (128 — 189) 

REF-ASTM 67 177 155 (144 — 210) 

Pooled StDev = 136 

Dunnett Multiple Comparisons with a Control 
Grouping Information Using the Dunnett Method and 

95% Confidence 

CONTAINER N Mean Grouping 

REF-ASTM (control) 67 177 A 

EXP-02 77 158 A 

EXP-01 68 154 A 
Means not labelled with the letter A are significantly different 
from the control level mean. 
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Figure 6: Dunnett simultaneous 95% confidence 

intervals.  

4. Discussion and limitations 

4.1 Variability of the dustfall method 

The dustfall reproducibility gave an overall 
standard deviation of 24% (N-24) for co-located 
samplers. This compares with the 34% standard 
deviation of between laboratory determinations of the 
water-insoluble fraction of the ambient dustfall 
samples mentioned in the ASTM1927-98 standard 
(ASTM 1937-98, 1998, para. 12.1.4). 

Although all measurements within this smaller set 
of identical samplers fell within the range of x1.5 the 
interquartile range (Tukey criterion), several dustfall 
values for the experimental samplers appear to be 
outliers. It is presumably for this reason that the 
South African dustfall limits allow for isolated 
exceedances of the limit values (not more than three 
per year and not in two consecutive months). Based 
on this interpretation, isolated high dustfalls are not 
regarded as reportable events. Instead, dustfall 
sampling campaigns are used to establish trends, 
whereby successive high dustfalls indicate that 
source control measures are adequately mitigating 
dust emission rates (whether windblown or 
mechanically generated), and that unacceptable 
ambient dustfalls are persisting, requiring 
investigation and remedial action. 

4.2 Evaluation of the experimental containers 
compared to the ASTM1937 

Results indicate that the dimensions of the 
sampling container between the reference method 
and the experimental containers do not result in a 
statistically significant difference, within the range of 
observed dustfalls (up to ~500 mg/m2/d, 30-d 
average).  

The range of dustfall values is all within the limit 
value of the National Dust Control Regulations. The 
period reported also cover summer, autumn and 

winter, but presently omits the traditional windy/dusty 
months of August and September, when high wind 
speeds and low precipitation tend to produce the 
highest levels of dust from erosion of exposed mine 
tailings facilities. A further ameliorating factor is that 
over the past three years (2017—2019) there have 
been very few exceedances of the residential dustfall 
limit across the entire ERGO Gold dust monitoring 
network, indicating either that the sources of dust are 
well mitigated, or the absence of high wind speed 
events over the tailings storage facilities, or a 
combination thereof.  

It is expected that the influence of a windshield on 
the performance of the samplers would be 
manifested most strongly at higher wind speeds, with 
dust generated by wind action. Dustfalls at lower 
windspeeds are more likely to be caused by 
mechanical disturbances such as material handling 
or vehicle movements, and less influenced by the 
aerodynamics over the sampler. Accordingly, the 
conclusions above need to be qualified that no 
differences are observed for dustfalls within the 
range up to 600 mg/(m2.d), 30-day average. 

4.3 Length of sampling and nomenclature 

Finally, as this investigation relates to the 
adherence to the ASTM D1739-98 and possible 
regulatory variations, we raise two issues for which 
the historical practice of dust monitoring in South 
Africa differs from strict adherence to the ASTM 
standard. 

The first such issue relates to the length of the 
sampling period, specified in the standard as 
“sampling period shall be one calendar month with 
an allowance of ±2 days” (authors’ emphasis). By 
calendar month, we understand that for example, 
sampling duration for January would be 31 ± 2 days, 
for February, 28 ± 2 days. On this reading, the 
sampling period could then be between a minimum 
of 26 and a maximum of 33 days. If the drafters of 
the standard had intended otherwise, they might 
have specified “thirty days ± two days”. As long as 
the sampling is continuous, the exact duration of 
sampling from 26 to 30 days does not appear to be a 
critical compliance issue. In South African practice, 
sample changing has taken place (with a SANSA-
approved deviation) of 30 ± 3 days, to allow for the 
difficulties of practical scheduling, so that sample 
changes on weekends or public holidays could be 
avoided. This is not only for the convenience and 
cost-saving for the consultants, but for practicality as 
many mining and industrial premises would be 
closed for external access on weekends. 

The second issue relates to terminology. 
Currently, the practice in South Africa is to report 
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dustfall in units [mg m-2 d-1] averaged over 30 days, 
or equivalently as [mg/m2/d] averaged over 30 
days. Clause 11.1 of ASTM D1739-98 specifies the 
dimensions for reporting of deposition rate as 
[grams/square metre/30 day period] or [g/(m · 30 d)]. 
Note the change from mg to g and the incorporation 
of the normalised 30-day sampling period into the 
dimensional specifications. The alteration from a rate 
of [mass per unit area per day] to a [mass per unit 
area per month (30-days)] will result in numerical 
values x30 larger than the currently reported 
quantities. If strict adherence to the reporting style in 
the ASTM D1739-98 standard is adopted, then the 
limit values in the South African dust control 
regulations would need to be correspondingly 
changed from 600 mg/m2/d and 1 200 mg/m2/d for 
residential and non-residential areas to 18 and 36 
g/(m2 ·30 day average), respectively.  

5. CONCLUSION & RECOMMENDATIONS 

Side by side sampling of ambient dustfall using 
sampling containers of differing dimensions shows 
that within the size range of the experimental 
containers, that there is no statistically significant 
difference in the measured dustfall rates. The 
reference container, according to the ASTM1937-98 
method, requires the container to have a minimum 
diameter of 15 cm and a depth-to-diameter ratio 2:1. 
The experimental containers had widths of 17.0 cm 
and depth-to-diameter ratios of 1.35 and 1.59, 
respectively. 

We recommend that the South African dust control 
regulations allow for a variation of the ASTM D1739-
98 standard to allow for sampling containers with a 
minimum depth to height ratio of 1.30. The sampling 
stand should nevertheless be constructed so that the 
top of the bucket is level with the top of the 
windshield, as envisaged in the diagram of the 
sampling stand and windshield shown in Figure 1, 
reproduced from the ASTM 1739-98 standard.  

We recommend that the implementation of ASTM 
D1739-98 in South Africa be modified to explicitly 
allow for the sampling period to be specified as 
30 ± 3 days, irrespective of the month, to remove this 
ambiguity in strict compliance with ASTM D1739-98. 

We recommend that the Department of Environ-
mental Affairs consider and make a ruling on the 
preferred units for reporting dust deposition rate, 
either to retain the present practice and regulatory 
limits or change to the ASTM D1739-98 specified 
dimensions with a consequent update to the limits 
specified in the National Dust Control Regulations. 

From known properties of windblown dust and 
deposition experiments, the most sensitive 
parameter affecting dustfall is the height of the 
container above ground level. The dust concentra-
tion of windblown dust decreases rapidly within the 
first few meters above the surface (Pye, 1987, pp. 
51-56). Accordingly, we regard the correct placement 
of the samplers with the top of the container and lip 
of the windshield at 2 m above ground level as the 
most important of the methodological compliance 
issues, ahead of the sample container dimensions 
and sampling duration. 
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Emission inventories are the most important input for air quality modelling. They 
represent the mass of pollutants (or any chemical species) entering the model domain 
for a specified period of time. A variety of emission sources can contribute to pollutants 
within a given domain; and the region itself may play a role regarding which sources are 
relevant. For example, wind-blown dust would be important for arid regions while 
biogenic emissions would be important for heavily vegetated regions. 
 
The CSIR Climate and Air Quality Modelling group are conducting research around the 
impact of an Urban Heat Island on air quality within current and future climate time 
scales. The region of interest is around the eThekwini Municipality; however, the model 
domain comprised the majority of KwaZulu-Natal Province. This necessitates inclusion 
of coastal specific emission sources such as shipping and ports, as well as marine 
aerosols and VOCs. Other sources such as biomass burning, domestic fuel combustion 
and waste burning may also exhibit regional specific characteristics. For example, 
biomass burning will include sugar cane burning while waste composition and burning 
practices are likely to be different to those on the Highveld. 
 
This paper aims to describe the approaches used to develop the emissions. The 
emission estimates are also compared to readily available global high-resolution (0.1 
degree) inventories. The results and lessons learnt show the importance of including 
domain specific information. 

Keywords: Emissions inventory, eThekwini, urban heat island,  

 

1. Introduction 

An emissions inventory forms the primary input 
into an air quality model. It is vitally important that 
emissions are estimated accurately as the primary 
input to the numerical models. There are numerous 
methodologies on estimating emissions and these 
depend on the type of source and available 
information.  

A comprehensive non-industrial emissions 
inventory was developed for the eThekwini region.  
The aim of the modelling is to understand the impact 
urban heat islands have on air quality, through 
changes in atmospheric circulation and chemistry 
over the city currently and into the future. Regional 
climate simulations are produced by the Conformal 
Cubic Atmospheric Model (CCAM) run by the CSIR 
at high resolution (1 km) over the region. These 
simulations drive both the air quality modelling and 
certain emission sectors that make use of dynamic 
meteorology.  

The spatial extent of the inventory covered more 
than the eThekwini municipality as it forms input into 

air quality modelling, and capturing transboundary 
pollutant transport as well as recirculation is 
important. To this end, an inventory was also 
developed at a resolution of 0.03 degrees (~3km) at 
a provincial scale and 0.01 degrees (~1km) at the 
municipality scale. Figure 1 illustrates the emissions 
inventory domains. This paper will describe 
emissions estimated for the high-resolution domain 
only (hereafter called eThekwini regional emissions 
inventory; EREI).  

Emissions for the following source sectors were 
estimated for the modelling domain: 

- King Shaka International Airport 
- Port of Durban 
- Biomass burning 
- Biogenic VOC 
- Residential fuel combustion 
- On-road transport 
- Natural marine aerosol and gas species 
- Shipping 
- Residential waste burning 
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Figure 1. Emissions inventory domains 

Some of the sector estimates are sourced from 
other available, locally developed inventories (airport 
and port); with the rationale being that those 
estimates follow the best available methodology 
considering currently available data. Similarly, 
estimates for the biomass burning and shipping 
sectors are derived from global inventories that are 
based on detailed bottom-up approaches; for which 
the very same methodologies would be applied if 
they were developed for this study.  

The EREI discussed here does not include 
industrial emissions but rather focuses on region 
wide (except airport and port) sources; that are often 
significant contributors to air pollution. The 
methodologies for estimating non-industrial 
emissions utilize various proxies and assumptions. 
Therefore, it is important to compare emission 
estimates of the same sector if other inventories for 
those sectors are available. This provides an idea of 
the spread (and uncertainty) of estimates possible, 
given the variety of methodologies possible. In light 
of this, the EREI sectors estimates are compared to 
global scale emission inventories where possible. 
These global inventories serve different purposes, 
for example maintaining an estimate that is globally 
consistent in terms of input data, or investigating 
synoptic scale air quality. In the absence of local 
inventories, global inventories are also often used for 
smaller scale studies and assessments, particularly 
in areas with very little publicly available emissions 
data. It is therefore a useful exercise to compare and 
contrast these inventories with available regional 
ones like the EREI. 

2. EREI Methodology  

The detailed methodology for each of the sectors 
is described in this section.   

2.1 Airports 

Due to continuous aircraft and ground support 
vehicle movements, airports are an important source 
of emissions, which include high powered aircraft 
combustion engines that emit large quantities of 
NOx. King Shaka International Airport (KSIA) is 
relevant in this study since it is the only international 
airport (indicating aircraft size and frequency) in 
close proximity to eThekwini. Even though it is 
located near the boundary of the municipality and 
away from populated areas (Error! Reference 
source not found.), it is still within the high 
resolution domain and is able to influence chemistry. 

An existing emissions inventory for this source is 
used here for the EREI. This is comprised of an 
estimate done by the WSP consultancy and used in 
the eThekwini AQMP review. The full WSP report is 
not available publicly.  

Emissions from ground operations and 
landing/take-off (LTO) from aircraft are considered in 
this emissions sector. The LTO portion includes 
aircraft Auxiliary Power Unit operations during 
taxiing and parking. Monthly aircraft movement data 
that is publicly accessible for ACSA airports were 
also used. This is available as total movements per 
month for “international”, “regional”, “domestic” and 
“unscheduled” flights. Emission factors are taken 
from the International Civil Aviation Organization 
(ICAO, 2011).  

2.2 Ports 

The port of Durban is often referred to as the 
busiest in sub-Saharan Africa. In 2016, it handled 
3754 sea-going vessels. Besides ship movements, 
port operations may also result in air pollutant 
emissions. These result primarily from diesel and 
heavy fuel oil (HFO) combustion. Majority of the 
larger vessels use 2-stroke HFO engines and can be 
significant emitters of SO2 and NOx. The port of 
Durban is an important consideration in any air 
quality study as not only are there potentially high 
emissions of pollutants, but it is located in the city 
centre.  

Emission estimates for this sector were taken 
from the Transnet Air Quality Study: Emission 
Inventory for the Port of Durban.  

2.3 Biomass Burning 

Open biomass burning is an important component 
of the total global emissions of greenhouse gases, 
reactive trace gases, and particulate matter. The 
resulting emissions may contribute to climate drivers 
and air quality at a local, regional, and global.  
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In KZN, particularly along eastern slopes (where 
dense coastal forest tend to grow), there is abundant 
biomass; however the relatively moist climate may 
prevent natural fires. It is therefore more due to 
scheduled burning that fires occur. The dense and 
moist nature of the biomass in the region means that 
fires tend to emit larger amounts of pollutants. There 
is prolific seasonal burning in northern coastal KZN 
as agricultural waste is burned in the sugar industry. 
The pollution from this impacts locally, but may also 
recirculate over the ocean back onto land in 
eThekwini. Thus while fires may not be a regional 
KZN issue, those that do occur may be worth 
considering with respect to air quality; and 
agricultural burning may impact coastal areas.  

The MODIS instrument on NASA’s AQUA and 
TERRA platforms provides data used to create fire, 
land-cover, and fuel loading data products. Detailed 
emission factors are available for various species 
from Akagi et al. (2013) and Yokelson et al. (2013). 
These factors are provided for individual VOC and 
aerosol particle species, thus enabling better 
characterization for input into photochemical 
models. 

The processing of detected fires (via MODIS fire 
products) with emission factors and fuel loadings 
has been achieved on a global scale at 1 km 
resolution by NCAR Atmospheric Chemistry 
Division, resulting in the Fire INventory from NCAR, 
or FINN, dataset (Wiedinmyer et al., 2011). The 
FINN dataset is currently used for operational real-
time forecasts 
(http://www.acd.ucar.edu/acresp/forecast/) as well 
as recent retrospective air quality studies (Jiang et 
al., 2012, Val Martin et al., 2013). Emissions of 
criteria pollutants, as well as VOC emissions 
speciated for commonly used air quality modelling 
chemical mechanisms, are included in the datasets. 
The data period covers 2002 onwards, and fire 
emissions are given as daily totals. While there are 
many biomass burning emission products available 
(e.g. GFED and GFAS) none are provided to the 
public at high enough resolution appropriate for 
regional/urban scale air quality modelling. 

2.3.1 Fire Commission Errors 

It was found that fires are allocated erroneously to 
surface coal mines and large hot/reflective rooftops 
(e.g. warehouses and malls). This is a known issue 
and Schroeder et al. (2016) suggest solutions based 
on multi-temporal analysis of OLI data from the 
relatively recently launched (2013) Landsat-8. It 
should be noted that the OLI standard algorithm also 
exhibits these commission errors (false alarms). 
Unfortunately, multi-temporal analysis can only be 
done after the fact; and has the potential to flag 
legitimately persistent sources. Regarding the FINN 
dataset, it was decided that these erroneous fires will 

be removed manually by creating a mask polygon 
shapefile to flag areas to remove. 

2.4 Biogenic 

In order to capture the dynamics responsible for 
BVOC emissions, the Model of Emissions of Gases 
and Aerosols from Nature (MEGAN) was used.  

The 2014 National Land Cover (NLC) dataset 
(GEOTERRAIMAGE, 2015) was preferred as input 
for land-cover since it was anticipated from previous 
experience that MODIS does not capture land-cover 
accurately. For example, some of the city of Durban 
is denoted “crops” by the MODIS IGBP 
classification. Making use of the NLC data required 
reclassifying categories to the MEGAN plant 
functional type. This data is then gridded to the 0.01 
degree domain using percentage coverage per class 
for each grid cell. 

Leaf area index was based on version 6 of the 
MCD15A2H MODIS land-surface product. This was 
used due to the lack of any higher resolution data. 
The MODIS product best resolution is 500m, which 
may miss some smaller patches of vegetation; which 
are prevalent in city landscapes.  

Meteorological parameters required by MEGAN 
are derived from CCAM simulations and are run 
through a pre-processor that was developed 
specifically for the purpose of ingesting CCAM 
output. The pre-processor also reclassifies CCAM 
soil type to what is required by MEGAN.  

2.5 Residential Combustion  

National residential fuel consumption data was 
acquired from the annual published DOE energy 
balance data (DOE, 2015; available online). The 
methodology used to derive energy balance 
statistics are based on International Energy Agency 
(IEA) best practice and is applied through 
collaboration of DOE with Statistics South Africa. 
Commodity flow (defined as the movement of a 
commodity from its point of production to where it is 
transformed or finally consumed) consumption 
estimates for the residential sector where used. 

The data represented year 2015, as statistics for 
subsequent years were not yet available. Top-down 
approaches rely on a national fuel consumption 
estimate, which is subject to uncertainty in 
assumptions on the aggregated national level. It was 
assumed that all anthracite produced was used in 
Kwa-Zulu Natal and the remainder of the coal used, 
based on the provincial fuel split, was bituminous 
coal. This sector inventory makes use of Census 
information, and thus only emissions from coal, 
wood, LPG and paraffin use are estimated.  

Further spatial disaggregation of Census Small 
Area Level emissions are achieved through the use 
of the Statistics South Africa Dwelling Frame 
database (based on the Census 2011 Listing).  
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2.6 On-road Transport 

The modern combustion engine can emit various 
pollutants into the atmosphere, including NOX, SO2, 
carbon monoxide (CO), PM, and volatile organic 
compounds (VOC). The ambient concentrations of 
all these pollutants are regulated in South Africa. Air 
pollution from traffic is known to have negative health 
impacts due to factors such as its emission at ground 
level (e.g., levels where people can be directly 
exposed) and its composition. Diesel exhaust was 
classified as a confirmed human carcinogen in June 
2012 (Silverman et al., 2012; WHO, 2012).  

The EREI domain contain a few major urban 
regions, such as Durban and Pietermaritzburg. It is 
therefore conceivable that emissions from vehicles 
are important. The coastal regions of KZN may also 
be relevant for vehicle emissions due to the relatively 
warmer climate (enhancing evaporative emissions) 
and, all other things equal, higher fuel use due to 
higher atmospheric pressure and possible higher air 
conditioner usage.  

The basis of deriving vehicle emissions is an 
estimate of Vehicle Kilometres Travelled (VKT). This 
data represents an activity onto which emission 
factors are applied. Thus, any approach to generate 
a vehicle emissions inventory includes an estimation 
of VKT and use of appropriate emission factors. 

The method applied here used a hybrid bottom-
up/top-down approach in which bottom-up estimates 
are based on any available road counts (for KZN this 
means the SANRAL national road counts) and top-
down is based on DoE reported fuel sales. The 
bottom-up VKT is converted to fuel and removed 
from fuel sales such that no double counting occurs. 
Emission factors are sourced from the 2016 
EMEP/EEA emissions inventory guidelines (Chapter 
1.A.3.b.i-iv Annex; EMEP/EEA, 2016). The Tier 3 
emission factors are used and vary by technology 
and speed. A vehicle type specific scrapping curve 
based on Merven et al (2012) is used to derive a 
weighted average of EURO1-6 emission factors. 
Spatial disaggregation is based on the Chief 
Directorate Surveys and Mapping roads dataset 
(now known as Department of Rural Development 
and Land Reform’s National Geo-spatial Information 
services (www.ngi.gov.za) transportation 
“TRAN_ROADS” product). 

2.7 Natural Marine Aerosols and Gases 

Marine emissions are an important natural 
contributor to atmospheric constituents in coastal 
regions. These are made up of both aerosol (e.g. salt 
particles) and gases (e.g. iodine). While some, like 
iodine, are not pollutants themselves, they do play 
an important role in atmospheric chemistry. Since 
these marine emissions are dynamic and heavily 
dependent on meteorology, a model was used to 
simulate estimates. The SeaSalt emissions model is 
developed and provided by the CAMx air quality 

model developers (Rambol-Environ). It can estimate 
time and space varying emissions of aerosol 
sodium, chloride and sulfate, gas�phase chlorine 
and bromine associated with sea salt, and gaseous 
halo�methane emissions. A very detailed 
description of the model and manual is provided 
within the code download (see 
http://www.camx.com/download/support-
software.aspx).  

The model estimates aerosol fluxes for PM2.5 over 
open ocean and from breaking waves in the surf 
zone. Volatile organo-iodine (VOI) compound 
emissions are calculated for grid cells with salt water, 
and are directly proportional to the concentration of 
chlorophyll-a in the water. Emission factors for VOI 
compounds are set to reproduce reported global 
emission budgets. Emissions of molecular iodine (I2) 
are set to a constant flux based on literature.  The 
model requires gridded input of coastline length, surf 
zone width, pressure, temperature, humidity, wind 
speed and chlorophyll-a concentration (for VOI 
estimation). Coastline length is derived from high 
resolution GIS data from the South African Chief 
General Surveyor and surf zone width was arbitrarily 
chosen as 20m. Meteorological data was extracted 
from the same CCAM runs used for the MEGAN 
model. Gridded chlorophyll-a data is obtained from 
the global monthly chlorophyll-a 0.08 degree (~8km) 
resolution dataset from ORCA at Oregan State 
University 
(http://orca.science.oregonstate.edu/2160.by.4320.
monthly.hdf.chl.gsm.m.php).    

2.8 Shipping 

The port of Durban is often referred to as the 
busiest in sub-Saharan Africa. In 2016, it handled 
3754 sea-going vessels. Before entering the port, 
vessels are allocated anchorages ~1000m out to 
sea. The travel of vessels to the port and the 
anchorage results in potentially high emissions of 
SO2 and NOx out at sea. Even though this is not near 
populated areas, transport of pollutants during on-
shore winds may enhance pollutant concentrations 
on land. This effect can be investigated by including 
such a source in the emissions inventory for 
modelling.  

Global emission inventories were used to obtain 
shipping emissions data. Emissions data from 
HTAPv2, which includes data from EDGAR, were 
used. The HTAPv2 dataset consists of 0.1 degree 
(~10km) resolution gridmaps of CH4, CO, SO2, NOx, 
NMVOC, NH3, PM10, PM2.5, BC and OC for the years 
2008 and 2010 (yearly and monthly files by sector). 
HTAPv2 uses nationally reported emissions 
combined with regional scientific inventories in the 
format of sector-specific gridmaps. The gridmaps 
are complemented with EDGARv4.3 data for those 
regions where data are absent. The global gridmaps 
are a joint effort from US-EPA, the MICS-Asia group, 
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EMEP/TNO, the REAS and the EDGAR group to 
serve in the first place the scientific community for 
hemispheric transport of air pollution.  

2.9 Waste Burning 

Open burning of waste can impact on air quality 
through the emissions of a range of pollutants. There 
are few data on the activity of waste burning and 
local emission factors; however, this was included in 
this analyses, as it is sector of growing concern in 
South Africa. 

The method followed here is similar to that 
reported in Wiedinmyer et al. (2014), which follows 
the IPCC methods (IPCC, 2006). Only residential 
open burning is considered here as activity data for 
illegal open burning in landfills is not available. 

Waste per person values were found in eThekwini 
Municipality’s draft Integrated Waste Management 
Plan. The value of 1.25 kg/person/day of waste was 
used (i.e. for middle income persons). The fraction 
of waste that can actually burn is chosen as 0.6 and 
is taken from the IPCC 2006 guidelines. The number 
of people who are assumed to burn waste are those 
that do not have their waste collected on a regular 
basis; and is estimated through the StatsSA 
Community Survey 2016 data. The emission factors 
used are those found within Wiedinmyer et al. 
(2014). 

3. Global emissions inventory 
methodologies 

The methodologies used to generate the global 
inventories are described briefly here, with the 
reader directed via references for further details. 

Specific sectors in the EREI are compared to 
freely available global scale emission inventories. 
Sectors that form part of the comparison (and the 
respective inventory compared to) are: 

• Biogenic VOC: Compared to Belgian 

Institute for Space Aeronomy (IASB) 

satellite based isoprene emissions 

• Domestic waste burning: Global emissions 

dataset that uses IPCC guidelines 

(Wiedinmyer et al., 2014).  

• Domestic fuel combustion: Compared to 

Hemispheric Transport of Air Pollution 

(HTAPv2) emissions dataset. 

• On-road vehicles: Compared to 

Hemispheric Transport of Air Pollution 

(HTAPv2) emissions dataset. 

For purposes of comparison, global inventories 
have been re-gridded to the 0.01 degree resolution 
domain. This is done in a mass consistent manner 
such that each grid cell is representative of the 
original data, i.e. no interpolation is carried out.  

Of particular note for the HTAPv2 data, and with 
respect to general source of regional data; 

• North America: US EPA, Environment 

Canada 

• Europe: The European Monitoring and 

Evaluation Programme (EMEP) and 

Netherlands Organisation for Applied 

Scientific Research (TNO) 

• China, India and other Asian: The Model 

Inter-comparison Study for Asia (MICS-

Asia III) 

• Rest of the world (including South Africa): 

Emissions Database for Global 

Atmospheric Research (EDGARv4.3; 

Crippa et al., 2018).  

Thus, the HTAPv2 emissions estimates for South 
Africa are essentially from the EDGARv4.3 (Crippa 
et al., 2018) emissions inventory. Therefor the 
methodology is the same as EDGARv4.3. 

3.1 Biogenic 

This global inventory is based on the satellite 
constrained emission estimates done by the Belgian 
Institute for Space Aeronomy (Bauwens et al., 
2016). The methodology involves inverse modelling 
from the global IMAGESv2 chemistry transport 
model constrained by OMI HCHO retrievals. 
Isoprene is relatively short lived and elevated 
concentrations of its oxidation product formaldehyde 
may be found near isoprene sources. The data is 
available from 
http://emissions.aeronomie.be/index.php/omi-
based. The data contains isoprene estimates for 
2005-2014 and is gridded globally at 0.5 degree 
resolution (~50km). For comparison to the EREI 
2014 isoprene estimates are used.  

3.2 Waste burning 

A global open waste burning emissions dataset 
(Wiedinmyer et al., 2014) is used here. The data is 
gridded at a global scale at 0.1 degree resolution 
(~10km) and includes criteria pollutants and 
speciated VOC.  Estimates of national emissions are 
derived through the 2006 IPCC guidelines for GHG 
inventories (Chapters 2 and 5; https://www.ipcc-
nggip.iges.or.jp/public/2006gl/vol5.html). The 
amount of waste burned, nationally, is assumed to 
include that burned at individual residences as well 
as at MSW dumps. Fraction of waste not collected 
for South Africa is taken from the 2006 IPCC 
guidelines for GHG inventories (Chapter 2, Annex 
2A.1); while waste generation per capita is from the 
World Bank’s 2012 review of solid waste 
management (Hoornweg and Bhada-Tata, 2012). 
National and urban populations are taken from the 
World Bank’s 2010 (updated in 2013) estimates.  
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3.3 Domestic fuel combustion 

The Hemispheric Transport of Air Pollution 
(HTAPv2.2; Janssens-Maenhout et al., 2015) 
“RESIDENTIAL” sector is used. This sector 
represents residential fuel combustion for heating, 
lighting and cooking; but also includes fuel used for 
auxiliary engines (e.g. generators) in service 
institutes, agricultural facilities, fisheries, solid waste 
and wastewater treatment. The methodology follows 
the 2006 IPCC guidelines and uses energy statistics 
(national fuel consumption) from IEA energy balance 
statistics (IEA, 2014) and population statistics from 
the yearly revised world population prospects of UN 
DP (2015). In terms of spatial disaggregation (to the 
0.1 degree resolution) the Socioeconomic Data and 
Applications Center (SEDAC; 
http://sedac.ciesin.columbia.edu) gridded global 
population data was used. Emission factors are from 
the EMEP/EEA 2013 emissions inventory guidebook 
(EMEP/EEA, 2013). Estimations for 2010, the most 
recent provided in the HTAPv2 inventory, are used 
here in this comparison.  

3.4 On-road transport 

The Hemispheric Transport of Air Pollution 
(HTAPv2.2; Janssens-Maenhout et al., 2015) 
“TRANSPORT” sector is used. This includes ground 
transport by road, railway, inland waterways and 
pipelines (refined fuel only). National fuel 
consumption is retrieved from IEA energy balance 
statistics. National fleet distribution is from the 
International Road Federation reports (IRF, 2007), 
which includes statistics from South Africa. Types of 
vehicles are grouped into bus, heavy duty, light duty, 
passenger cars and motorcycles. Emission factors 
for the global inventory are based on the EMEP/EEA 
2013 emissions inventory guidebook (EMEP/EEA, 
2013); however for emerging countries emission 
factors based on measurements in Latin America 
(D'Angiola et al., 2010 and Schifter et al., 2005) were 
used. The emission inventory did not include brake 
and tyre wear, re-suspended road dust or cold starts. 
Spatial disaggregation is based on the 
OpenStreetMap dataset (www.openstreetmap.org). 

4. Results 

In this section, the results of the EREI will be 
discussed, followed by a comparison of the EREI 
with global inventories.  

4.1 eThekwini Regional Emissions Inventory 

Table 1 provides emissions for all pollutants 
covered in the inventory. It is for the 1km domain 
only. PM2.5 estimates have been included within 
PM10 estimates. Codes have been created for each 
sector and have been applied in the figures that 
follow.  

The estimated share of emissions between 
sectors indicates that different sources are important 
for different pollutants. Biomass burning impacts 
greatly on the NMVOC, CO and PM10 emissions. 
Similarly, domestic fuel combustion is estimated to 
contribute heavily to NMVOC, CO and PM10 
emissions. In spatial terms these emissions are 
isolated to fewer geographical areas, where there is 
higher coal and/or wood consumption. A more 
distributed source such as on-road vehicles is 
estimated to contribute highly to NOx emissions; 
which, based purely on spatial coverage of the 
source, may affect larger regions due to the wider 
coverage of the emissions (compared to domestic 
fuel combustion). 
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Figure 2. Emissions of the most significant air pollutants per sector 
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Figure 2 illustrates the emissions of the most 
significant air pollutants per sector. This displays the 
biogenic emissions as isoprene, PM10 for biomass 
burning, domestic waste burning and domestic fuel 
combustion, NOX emissions for on-road vehicles and 
shipping and PM2.5 for marine aerosols.  

Biogenic isoprene is emitted primarily within 
densely vegetated areas; particularly between the 
eThekwini, Ugu and Umgungundlovu District 
Municipalities (along the Umkomazi River). Biomass 
burning emissions are highest in specific areas 
along the north western forested highlands. Waste 
burning, by virtue of Community Survey 2016, shows 
highest emissions around Umlazi/Folweni, 
Mpumalanga (KZN), Edendale and parts of 
KwaMashu/Ntuzuma. Residential combustion 
emissions are highest north of eThekwini 
(Ndwedwe) but very localized areas around 
KwaMashu and Shallcross are also seen. Vehicle 
emissions will tend to be higher in the urban centres, 
as well as along the N3 corridor, which sees a lot of 
passenger and freight transport between the port of 
Durban and inland. Highest emissions of marine 
aerosol are simulated to be in areas of highest wind-
speed, namely furthest offshore in the domain.  
 

Figure 3 illustrates the sector contribution to total 
annual emissions per pollutant (for NOx, SO2, PM10 
and VOC), where the codes are defined in 
Table 1.  

 

 
Figure 3. Sector contribution per pollutant. 

For both NOx and SO2, the port of Durban 
dominates. For SO2 this makes sense due to the 
type of diesel engines and amount of fuel burnt. The 
high NOx estimates also indicate large diesel 
consumption (diesel engines generally emit more 
NOx due to higher compression). Assumptions 
around technology are relevant, since for port 
operations Tier 1 IPCC emission factors (lacking 

emission measurements from vehicles etc. in SA) for 
developing countries may have been used. These 
assume higher emission rates. With respect to 
ambient air quality, the effects of the port will be 
localised, however, the   magnitude of its impact may 
be high. In contrast, 2nd place for NOx is vehicles, 
and this source is distributed more widely across the 
domain.  

As expected, PM10 is dominated by sectors with 
high wood consumption, as the emission factor for 
PM10 from wood is relatively high. It is inefficient 
combustion in both residential and biomass burning 
settings, thus these sectors are also high in VOC 
emissions. However biogenic emissions dominate 
VOC; and this is due to the high amount of biomass 
in KZN in general, as well as the source being 
ubiquitous (majority of the cells in the domain contain 
biogenic emissions).  
 

4.2 Comparison to global emission inventories 
and satellite products 

Once the global emissions are gridded to the 0.01 
degree domain, grid totals are compared with the 
EREI. Table 2 summarizes domain total emissions 
for pollutants estimated per sector. A ratio (global to 
EREI) provides a metric for quick comparison. For a 
majority of sectors and pollutants, the global 
emissions inventory estimates are higher than the 
EREI.  

For residential fuel combustion, the primary 
reason for this is that the global sector (chosen due 
to EMEP/EEA and IPCC definitions) include more 
sources than the EREI. Included in the HTAPv2 
residential fuel combustion is residential and 
institutional energy production from generators. This 
is estimated nationally, and then spatially 
disaggregated using urban/rural population proxies. 
This can assign diesel or petrol combustion to areas 
where there may be none or very few. For residential 
fuel combustion, however, if the global estimates 
only took heating and cooking into account, then the 
global estimates would be similar to EREI, since both 
inventories use national energy balance fuel 
consumption; and the South African Department of 
Energy reports these statistics to the IEA.”  

The global inventories and EREI make use of the 
US EPA’s AP-42 emission factor database. The only 
exception is that of residential coal combustion for 
which locally developed emission factors are used in 
the EREI. Coal combustion, however, is not as 
prevalent within the study domain. The result of the 
different coal combustion emission factors being an 
SO2 estimate from the global inventory being 142 
times higher than that in EREI.   

Although the transport emissions for EREI include 
the same combustion sources as HTAPv2 (Crippa et 
al., 2018) of road going modes of transport and 
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freight, the two inventories do not have the same 
emissions estimates. Spatial proxies are also very 

 

Table 2: Global and EREI domain total (tpa)  

 
 
 
similar, with the crowdsourced OpenStreetMap 
(www.openstreetmap.org) comparing well with the 
South African Chief Surveyor road dataset. It is likely 
that the use of different emission factors is the main 
cause of the observed differences seen. HTAPv2 
transport emissions for developing countries are 
estimated using measurement based emission 
factors from Latin America between 1990 and 2008, 
which are likely higher than the EMEP/EEA factors. 
Additionally the EREI considers factors at different 
speeds as opposed to an assumed average over all 
roads. 
 

For domestic waste burning, the EREI utilized a 
very similar approach to estimating emissions ;( the 
same emission factors were used except for 
NMVOC). The EREI waste burning activity data is 
based on Census service delivery statistics and 
locally reported waste per capita. This is considered 
more accurate information and the result is an 
estimate that is five times lower than the global 
inventory.  

The global biogenic isoprene estimates are based 
on satellite constrained modelling. OMI 
formaldehyde (a product of isoprene oxidation) 
product is distributed within the global model 
(IMAGESv2) three dimensional grid and the source 
for isoprene is co-located depending on meteorology 
and chemistry. While this approach may seem vastly 
different to the application of the MEGAN model, it 
should be noted that a part of the input into 
IMAGESv2 is MEGAN (forced with ECMWF) 
biogenic VOC emissions. This would at least provide 
some spatial and physical (MEGAN considers 
canopy scale emissions from specific plant 
functional types) consistency to the EREI and global 
approach. The difference in magnitude of the 
estimates are then determined by the satellite 
retrievals, which seem to be very close to the EREI 
estimate. A likely reason for the EREI isoprene 
estimate being slightly higher (ratio of 0.9) is that the 

higher resolution land-cover and leaf area index data 
is able to identify more areas with vegetation. 

 
 
 
 
 

5. Conclusion 

A comprehensive emissions inventory was 
developed for the eThekwini region that included 
both anthropogenic and natural sources. The 
methodologies utilized various publicly available 
sources that pertained to locally derived data where 
possible. For some sectors global inventories were 
used as they represented best possible bottom-up 
data and methodologies. For some sectors already 
existing emissions inventories were used. Together, 
the regional emissions inventory was compared to 
global inventories.  

Results for the EREI indicate that while biomass 
burning exhibits high PM emissions, they are 
localized to specific areas and likely short lived. More 
disperse sources like residential fuel combustion 
may have a wider impact on air quality. Similar is true 
for port NOx emissions compared to on-road 
vehicles with respect to spatial influence. Marine 
contribution to ambient PM will likely be small and 
restricted to the coastline. However it will be (in 
terms of modeling) the sole source of reactive 
halogens in the inventory and will play a role in 
atmospheric chemistry. 

When comparing available sectors from global 
inventories, the EREI shows lower estimates. This is 
expected if one looks at the assumptions and data 
used for global estimates. These assumptions are 
acceptable since these global inventories are aimed 
at synoptic scale air quality and as such less effort is 
placed at sourcing and analysing local scale data for 
estimation. A compromise to this approach is the 
willingness by inventory developers to include 
gridded local specific estimates into the global 
inventories. This has been attempted through 
HTAPv2; however only Europe, Asia and the USA 
have been included as, for example, South African 
official, peer reviewed, spatially resolved and 

Sector TRANSPORT RESIDENTIAL WASTE BIOGENIC 

Inventory Global EREI Ratio Global EREI Ratio Global EREI Ratio Global EREI Ratio 

CO 91 530 7 959 12 198 496 75 942 3 79 928 15 548 5       

NOx 24 574 6 496 4 5 667 836 7 7 867 1 530 5       

NH3 679 430 2 40 0 NA 2 354 458 5       

NMVOC 23 374 676 35 38 393 13 041 3 15 754 9 247 2 30 302 34 669 0.9 

SO2 1 563 157 10 18 170 128 142 1 047 205 5       

PM2.5 682 211 3 17 323 9 058 2 20 653 4 010 5       

PM10 684 211 3 25 347 9 737 3 25 072 4 869 5       
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publicly available emission inventories have not 
been made available to the global emissions 
community. As such researchers interested in the 
South African emissions space may be forced to use 
global inventories. The potential biases have been 
introduced in this paper; showing that both local 
activity data and emission factors are required to 
develop accurate local specific inventories that must 
feedback to global scale inventories.        
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The impacts of mining residue areas on residential areas were explored in this research. The aim 

of this study was to characterize the source contribution to ambient particulate matter in Wedela 

using a receptor approach. The study was broken down to two stages which are 1) quantifying 

the absolute ambient loading of PM2.5 and PM10, 2) determining the chemical composition of the 

aerosol loading in the course and fine fraction. The data for the study was collected via two 

methods, namely: continuous monitoring and sampling campaigns. Two Met One EBAM plus 

instruments were located at the site and every season; two weeks were set apart for sampling. 

Teflon and quartz filters were used for sampling - these filters underwent treatment prior to 

exposure. Treatment of quartz filters included them being baked at 500°C, cooled in a laminar 

flow hood and then weighed before they were deployed into the field. After exposure the filters 

were dried in a laminar flow hood and then weighed again before analysis. The collected samples 

were analyzed for various constituents, including elements and soluble inorganic ions. The filters 

used in the sampling campaigns were analyzed to determine the chemical composition of the 

sample through X-Ray Fluorescence and Ion-chromatography. The results indicate the Wedela 

exceeds the National Ambient Air Quality Standards for PM10 and for the months of January, June, 

August and September, PM2.5 only had an exceedance in September. The potential sources that 

can be identified for Wedela are fugitive dust (paved and unpaved road dust, wind-blown dust, 

dust from industrial activities), domestic fuel burning, vehicle emissions and waste incineration.   

Keywords: particulate matter, tailings storage facilities, dust.  

1. Introduction  

 

Particulate matter (PM) is the major pollutant of 

concern in South Africa. It has the most dominant 

health risk and is also present in high concentrations 

in South African urban areas. Recent studies 

indicate that dense, low-income residential areas  

experience the worst particulate air quality in the 

country (Ngo et al., 2015, Hersey et al., 2015). PM 

affects the living environment in terms of air quality 

and one of the leading health risks globally is poor 

air quality (Lim et al., 2012). Prolonged exposure to 

PM, especially particulate matter with an 

aerodynamic diameter smaller than 2.5 micron 

(PM2.5) can lead to respiratory illnesses, increased 

morbidity and cardiovascular illnesses (Thabethe et 

al., 2014). The multiple health effects of particulate 

matter are possibly a result of its complicated 

chemical components, composition concentration, 

surface area and sources of origin. 

Anthropogenic emissions that contribute to 

particulate matter include vehicle emissions, waste 

burning, agricultural activities, domestic fuel burning, 

wind-blown dust, mine dust, energy generation, 

waste water treatment, industrial activity, wildfires, 

landfills and road dust. The Gauteng province is well-

known for its various gold mines and the 

environmental effects of mining remain long after 

operations have ceased. Lack of spatial planning 

and rapid urban expansion has forced low-income 

communities to set up homes in proximity to the 

tailings storage facilities. These tailings dams are 

potential sources of wind-blown dust which has been 

identified as a major source of air pollution (Kneen et 

al., 2015, Maseki et al., 2017). Wedela is a small, 

middle income urban settlement that is surrounded 

by mining and tailings storage facilities. It is located 

in the Gauteng Province and located 14 km from the 

town of Carletonville. It provides an opportunity to 

study the impact of mine dust on the air quality.  

Receptor modelling offers a technique to complete 
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the air quality management process by calculating 

the measurements of the pollutant at a receptor site. 

The aim of this study was to characterize source 

contribution to ambient particulate matter in Wedela 

using ambient measurements and chemical analysis 

of PM filter substrates. 

2. Methodology 

Sampling site  

 

 

 
Figure 1: Map of Wedela in relation to South Africa 

 

Wedela is located adjacent to a national highway 

(N12) and the growing number of vehicles on the 

South African roads might play a role in the pollution 

(Figure 1). The monitoring station was set up at 

Wedela Primary School, which is located in the 

middle of the residential area. Variable 

meteorological conditions characterize the seasons: 

high wind speeds and minimal rain fall characterize 

winter, dry and cold air in the winter, sunny autumn 

and high temperatures and rainfall in the summers.   

 

Sample collection 

Data was collected at five minute intervals using two 

Met One EBAM plus instruments measuring 

particulate matter with an aerodynamic diameter 

smaller than 10 micron (PM10) and PM2.5 between 

May 2018 and June 2019. The PM2.5 instrument was 

equipped with a sharp cut cyclone that will only allow 

particles with an aerodynamic diameter of 2.5 

micrometers or less to be sampled the rest will be 

discarded.  

Two MCZ dichotomous low volume samplers were 

collocated at the site to sample PM10 and PM2.5 every 

season. These units sampled for 16 days each 

season, the units were programmed to sample from 

10:00 a.m. to 22:00 p.m. and from 22:00 p.m. to 

10:00 a.m. every day of the sampling period.  The 

substrates used in one instrument was PTFE 

(Teflon™) filters and the other instrument used 

quartz filters. The reason behind using two 

substrates was that the samples can undergo 

different chemical analyses. The Teflon™ filters will 

undergo X-Ray Fluorescence (XRF) for elemental 

composition and Ion chromatography (IC) for soluble 

ions and the quartz filters will undergo total carbon 

analysis. Quartz filters are preferred for this type of 

analysis because of they can withstand high 

temperatures and unlike Teflon™ filters, their 

chemical composition mainly consistent of carbon it 

this made up of silicon dioxide (SiO2).  

 

Gravimetric weighing 

Prior to sampling, the filters used in the MCZ 

dichotomous low volume sampler undergo 

treatment. The quartz filters were baked in a furnace 

for 5 hours at 500°C so as to burn of any residual 

carbon. They are then put in a porcelain dish and 

placed in a laminar flow hood for 2-3 days to stabilize 

them. Petri-slides with labelling for these filters are 

prepared for each filter. Labelling includes filter 

number, year of exposure, size fraction (PM10 or 

PM2.5), season, site and whether it is quartz or Teflon 

™. The cooled down filters are taken to a weighing 

room with an electronic mass balance that is 

accurate to 1 microgram (Zhang et al., 2013), the 

balance was calibrated before use with precise 2 

microgram and 20 microgram weights that were 

handled with the supplied tweezers so as to avoid 

contamination. Each filters are then weighed 3 times 

and all these masses are logged into a workbook. 

These recorded masses will be known as the mass 

before sampling. Post sampling, the filters are 

retrieved from the field and placed in a laminar flow 

hood for 2 – 3 days so that they can stabilize, this 

also allows filters that might have been exposed to 

moisture during sampling to dry prior to weighing. 

The filters are then taken to the weighing room were 

their masses will be recorded in the same worksheet 

with their corresponding details. The filters are 

weighed three times, the mass recorded will be 

known as the mass after sampling. The 

corresponding PM10 and PM2.5 mass concentrations 

of each filter was equal to the difference between the 

mass after sampling and the mass before sampling. 

(Zhang et al., 2013) 

 

Chemical analysis of trace elements and water-

soluble ions 
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To determine the elemental composition of the 

sample, XRF was used. This technique can identify 

most metals and metalloids. These will include but 

not limited to Al, Sn, Pb, Tl, Ge, Cs, Ga, Ti, Mn, Co, 

Ni, Cu, Zn, Mo, Cd, V, Cr, Fe, Na, Mg, K, Ca, Ba, As, 

Se and Rb (Brouwer, 2006). This a non-destructive 

technique (Skoog et al., 2017) so it allowed for the 

samples to be reused for another type of analysis 

(IC).  

  To determine the soluble ions in the sample,the 
samples were tested for anions and cations using a 
Dionex ICS – 3000. Prior to analysis, each filter was 
put into a vial and leached with 10 ml of deionized 
water (with a purity of 18.2 MΩ/cm) and then ultra-
sonicated for 30 minutes, the samples are then put 
into sample vials and loaded into an auto-sampler of 
the ion chromatography system. Prior to running a 
sample, the system was calibrated with a standard 
solution of each ionic species that will be tested for. 
The system will test for the following anions and 
cations; F-, Cl-, SO4

2-, NO3
- Na+, K+, Mg2+and Ca2+. 

(Chow and Watson, 1999) 
 

Data analysis  

Control and quality assurance of data was done 

using the following procedure. Fortnightly site visits 

were made to evaluate the performance of the 

instruments. A log was maintained of all faults or 

issues. This was used to screen the data for potential 

errors. The second step in quality control was to  

check for instrument range and temporal 

consistency. Data were then visualized and 

assessed for final integrity.  

 

3. Results and Discussion  

Ambient air quality samples were recorded in a low 

income level community, Wedela in order to 

determine the state of air quality in the area.  

 

Statistics of monthly PM10 and PM2.5 generated from 

high resolution data that was collected at 5 minute 

intervals are shown in Table 1 and 2 respectively. 

The monthly variability of daily PM10 and PM2.5 are 

shown in Figures 2 and 3. The late winter and early 

spring (August and September) observed the 

highest ambient PM levels, followed by August. A 

slight peak is also observed in the early winter 

season (May and June). The maximum daily  

 

Table 1: Summary of daily monthly variability of PM2.5 and PM10 concentrations 

PM2.5 (ug/m3) PM10 (ug/m3) 

  Count Mean std 50% 99% Max Count Mean Std 50% 99% Max 

Jan 30 9 4 8 17 18 17 27 23 19 89 94 

Feb 28 11 7 9 29 33 21 22 8 22 36 37 

Mar 31 12 6 11 23 23 31 27 8 35 44 44 

Apr 30 9 5 7 22 24 30 18 8 28 39 41 

May 24 16 5 17 25 25 37 36 11 36 58 60 

Jun 27 15 9 14 36 39 55 37 15 36 78 85 

Jul 31 13 7 12 33 33 31 33 14 32 64 64 

Aug 30 18 7 19 31 32 31 55 29 51 145 150 

Sep 16 28 13 27 55 57 19 56 26 52 108 111 

Oct 31 13 5 14 20 20 28 33 18 31 69 71 

Nov 22 11 5 12 21 22 22 33 11 32 54 55 

Dec 31 7 2 7 13 13 24 20 6 20 33 33 
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Figure 2: PM10 and PM2.5 daily monthly variability 

  

The monthly variability of daily PM10 and PM2.5 

are shown in figure 2. A slight peak is observed in 

the early winter (June).The late Winter and early 

spring (August and September) observed the 

highest ambient PM levels.

Figure 3 shows the results for chemical analysis for 

both the month of June and August in the course size 

fraction. A majority of the elements that were 

detected for the month of June have a lower 

concentration compared to August, the only element 

that stands out as having a higher concentration in 

June than in August is sodium (Na). Predominant 

elements from this analysis are Silicon (Si), 

Aluminium (Al), Sodium (Na), Magnesium (Mg), Iron 

(Fe), Sulphur (S), Zinc (Zn), Copper (Cu), Calcium 

(Ca) and Potassium (K). A combination of Si, Al, Mg, 

Fe, Na can be attributed to crustal sources such as 

wind-blown dust, paved and unpaved road dust and 

soil dust (Manoli et al., 2002, Lee et al., 1999, Yu et 

al., 2013). K concentrations present may be a result 

of biomass burning and the presence metals such as 

Cu and Zn can be an indication of sources like car 

tyre and brake emissions from wear and tear. For a 

majority of the of the ionic species, the month of 

August yielded the highest concentrations. Sulphate 

and fluoride stand out as having the highest 

concentrations followed by ammonium, Potassium, 

Calcium, nitrate and sodium. High fluoride 

concentrations can be from coal combustion (Ando 

et al., 1998), the sulphate, ammonium and nitrate 

concentrations can be due to secondary aerosol 

(Lestari and Mauliadi, 2009). The calcium ion might 

be from a crustal source (Lestari and Mauliadi, 2009)
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Figure 3: June and August course size fraction comparison 

  

Figure 4 presents the chemical analysis results for 

the fine size fraction for the months of June and 

August. In this size fraction, the elements with the 

highest concentrations are Cu and Zn for both 

months. There is a presence of K, Cl, Ca, Cr, Ni, Pb 

(only in June), Na, Si and S. The combination of S, 

K, Ni and Pb can be from industrial processes, 

combustion processes and possibly traffic 

emissions/vehicle exhaust (Marcazzan et al., 2003, 

Lee et al., 1999, Yu et al., 2013). From comparing 

the two size fractions, the course size fraction   is 

more than the fine size fraction. The ion 

concentrations in this figure are significantly lower 

than in the course size fraction indicating that the 

course size fraction has a higher mass loading. The 

dominant ionic species was fluoride which could be 

from coal burning for heating or cooking. Sulphate, 

nitrate and ammonium can be from secondary 

aerosol formation and the calcium ion can be from a 

crustal source (Viana et al., 2008)  

 

0

20

40

60

80

100

120
C

o
n

ce
n

tr
at

io
n

 (u
g/

m
3 )

Chemical species

August June

- 190 -



   
Figure 4: June and August fine size fraction comparison

 

4. Conclusion 

 

The ambient particulate matter concentrations in 

Wedela comply with the guidelines as set out by the 

National Ambient Air Quality Standards, there have 

been exceedances but they occur for a few moments  

in a day. The months of June, August and 

September are when exceedances occur. Potential 

contributors to PM10 and PM2.5 that have been 

identified thus far, include fugitive dust (paved and 

unpaved road dust, wind-blown dust, dust from 

industrial activities), domestic fuel burning, vehicle 

emissions and waste incineration.   

A more detailed source apportionment will be done. 

Future work will include further processing of the 

data and using it to identify the sources contributing 

to particulate matter with the receptor model PMF. 
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A previous paper reported on the local development and calibration of a passive monitor 
for ambient particulate matter. We now report on the use of the monitor for the monitoring 
of indoor particulate concentrations during interventions in household energy supply and 
house insulation in Lebohang on the Mpumalanga Highveld. Monitors were exposed for 
three days and seven days during summer (15 houses sampled) and winter (20 houses 
sampled). In addition to the normal glass collection substrate, samples were taken using 
a polycarbonate substrate to allow EDX analysis with scanning electroscope microscopy.  
The inferred daily particulate concentration (PM10-2.5) exceeds the ambient PM10 daily 
limit value by a considerable margin both in winter and in summer. The origin of the 
particles in this size range cannot be linked directly to the energy supply activities in the 
households. Chemical analysis using SEM indicate that most of the coarse particles are 
of mineral origin. The inference to be drawn is that management measures to reduce 
community dust exposure in residential areas should not be limited to combustion 
processes but should also address other fugitive dust sources such as unpaved road 
dust. 
 

Keywords: Passive particulate monitor, indoor particulate, household air pollution. 

 

1. Introduction 

Combustion processes and cleaning contribute 
significantly to fine, ultrafine and nanoparticle 
emissions in residential areas where solid fuels are 
used, while coarse fractions of particulate matter 
(PM) are principally due to resuspension of PM from 
outdoor sources (Abt et al. 2000; Biswas and Wu 
2005; Murr and Garza 2009; Nazaroff 2004; Fuoco 
et al. 2015). Literature does not indicate an 
unambiguous relationship between indoor and 
outdoor PM levels.  

People in the more vulnerable groups spend a 
large proportion of their time indoors. There is no 
comprehensive policy that deals specifically with 
indoor air quality in South Africa. Definition and 
adoption by normative frameworks of size-
dependent indicators to fix mass concentration limit 
values for outdoor air quality considers both 
penetration in the human respiratory tract and the 
need to distinguish anthropogenic and natural 
emissions (Monn et al. 1997 in Bo et al. 2017).  

Particulate matter (PM2.5 and PM10) has been 
considered as pollutants that need to be included in 
the WHO indoor air quality guidelines (AQG). The 
WHO is currently developing indoor air quality 
guidelines for household combustion of fuels for 
cooking, heating and lighting. So far, these have led 
to proposals for limits on the emission rate of PM 
from indoor stoves, informed by what would be 
required in houses with different ventilation variables 
to reach the final WHO ambient air quality guidelines 
(WHO 2014). 

 
As part of its programme of activities in air 

emission offset interventions, Sasol is committed to 
the testing of novel and innovative solutions in 
community air quality intervention projects.  A project 
to test the feasibility of potential solutions was 
conducted at Lebohang, Mpumalanga.One of the 
intereventions proposed was aimed at improving the 
thermal performance of informal structures to 
facilitate a transition from solid fuel use to cleaner 
alternatives.  The intervention selected from the pre-
feasibility study was the thermal insulation of 
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informal housing structures combined with  a solid 
fuel stove exchange for either LPG devices or a 
more efficient solid fuel burning stove  in  30 houses. 

 
This report deals with indoor air quality 

measurements in the structures selected for the 
intervention, specifically with regards to particulate 
matter smaller than 10 µm but larger than 2.5 µm. 

 
 2. Methods and materials 

 
2.1 Sampler construction 
  

In this study, passive samplers with a stainless 
steel mesh developed in South Africa (Mukota and 
Kornelius 2018) (see figure 1 below) were used for 
the monitoring of particulate matter in 21 households 
located in Lebohang, Mpumalanga. These samplers 
were placed on supports that were secured to the 
walls inside the houses, for the indoor measurement 
of PM10-2.5. The passive samplers collect particles by 
gravity and diffusion onto a substrate consisting of a 
glass coverslip. For these small particle sizes, only 
deposition by gravity and diffusion is considered as 
a mechanism (Wagner and Leith 2001).  

 

 
Figure 1: Passive sampler design (Wagner and Leith 

2001a) 
 

2.2 Sampling 

Four blank samplers where prepared for each 
campaign and these were placed in tightly sealed 
containers during the transportation and deployment 
of samplers. These blanks assisted in estimating the 
limit of detection (LoD) and the limit of quantification 
(LoQ). To eliminate possible operator bias, for both 
sampling campaigns the processing of the samples 
was carried out on a ‘blind’ basis, the analyst not 
being aware of the type of structure in which the 
sample was deployed or whether the sampled house 
was using solid fuel or not (Rumsey 2003). 

Two duplicate samplers were deployed and 
exposed in each house and these were placed 
adjacent to each other on the aluminium angle 
sample holder (see figure 2 below). A third sampler, 
with a polycarbonate substrate, was also placed 

along with these samplers and this was used to 
capture samples for subsequent chemical analysis 
of the collected particulate pollutants. No protective 
shelter (as would be used in outdoor studies) was 
used in the study since all the samplers were placed 
indoors. 

 
Prior to exposure, the samplers are thoroughly 

cleaned using alcohol, moist wipes and compressed 
air and then transported to the site in airtight polytop 
containers.  

This study consists of two sampling campaigns, 
one during summer and one during winter.  Sampling 
exposures were varied as concentrations were 
initially unknown and a statistically significant 
number of particles must be captured in order to 
have valid results. Three day and seven days 
exposure periods were therefore selected for each 
campaign. The first of the sampling periods in the 
summer campaign was carried out from 26 March 
2018 to 29 March 2018 in 20 of the households. and 
the second sampling period had an exposure period 
of from 27 March 2018 to 3 April 2018. The second 
(winter) sampling campaign was carried out for three 
days from 10 July 2018 to 13 July 2018, and seven 
days between 10 July 2018 and 17 July 2018.  

. 

  
 

 
 
Figure 2: Sampler mounting: Top and lateral view 
 
The sample holders were placed on the walls 

opposite the cooking stoves approximately 1,5m-2m 
from the ground. All samplers were delivered to the 
sites and subsequent sampling followed with a 
constant installation and removal time being 
maintained to ensure a three and seven-day 
exposure. The transportation and change out of 
samplers took an approximate 18 hours for each 
sampling period. The temperature data loggers 
present in each house were used to measure and 
record the indoor temperature during the exposure 
period. The wind speed was assumed to be less than 
0.4m/s as applies to most indoor settings hence 
eliminating the need to calculate and apply the 
friction velocity in the deposition velocity model used 
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to calculate the mass concentration values in this 
study.  

 
2.3 Passive sampler analysis 
 

Following its exposure to the atmosphere for a 
predetermined time period, each sampler was 
returned in an airtight polytop container and 
transported to the lab for analysis. Containers were 
clearly labelled with the station name and, mesh type 
and sampling period. After removal from the 
sampler, the glass cover slips were taped onto a 
glass slide with the exposure side facing the glass 
side. For each glass surface, digital photos were 
taken using a light microscope, Zeiss Imager.  A1m 
Microscope (Carl Zeiss, Germany), equipped with a 
digital camera AxioCam MRc5 (Carl Zeiss, 
Germany) at 100X and 200 X magnification for a 
~6mm exposure diameter.  The photographs were 
taken using a specific Cartesian plane pattern 
enabling the capture of the entire surface. The light 
intensity, hue, saturation and background were kept 
constant for all photos by setting the measurement 
parameters, so enabling a uniform histogram. Digital 
images were saved and stored in .tiff format in 
corresponding folders using the AxioVision SE64 
software (Carl Zeiss, Germany). The method 
developed by Wagner and Leith (2001) to convert 
particle counts and images to average atmospheric 
particulate mass concentration was used. 

 
It should be noted that PM2.5 values are not given 

here, as the identification and counting for particles 
smaller than 2 µm at 200x magnification under an 
optical microscope is inaccurate. It would therefore 
be more accurate to indicate the values obtained 
here as PM10-2.5.    

 
  

2.4 Uncertainty and statistical analysis 
 

The passive blanks were analysed to determine 
the limit of detection (LoD) and the limit of 
quantification (LoQ) by mass of PM10-2.5 following the 
work of Leith et al. (2007). The limit of detection 
(LoD) of the method was derived through analysis of 
blank samples. The  LoD by mass was calculated as 
the mean concentration (𝜇g/m3)  recorded per blank 
multiplied by 3, plus the standard deviation for each 
of the four blanks. The LoQ by mass for the samplers 
was determined as the mean concentration per 
blank plus ten times the standard deviation.  In this 
study, the LoD and LoQ were were determined to be 
2.8µg/m3 and 4.7 µg/m3 respectively.  There were no 
households with mean concentrations lower than the 
LoD and the LoQ for both the three and seven-day 
exposure period. A student t-test was also 
conducted to find out if there is any significant 
difference between values calculated during the 

three day sampling period and the seven day period, 
and the differnce between the summer and winter 
values. A 90% confidence interval was used. 

 
To convert the 3 and 7 day concentrations 

measured here to a maximum daily value for 
comparison to ambient air quality standards, a 
proposal from Beychok (2005) was applied to the 
values. Beychok (2005) states that time averaged 
concentrations, Cp (valid for averaging time tp) can 
be converted to an equivalent time-averaged 
concentration Cx (valid for averaging time tx) using 
equation 1 below. 

 
𝐶𝑥

𝐶𝑝
= (

1

𝑡𝑥
)0.53                                  (Eq 1)  

                
where tx = actual sampling days 
 Cp = equivalent highest 24- hour average 

concentration. 
 Cx = actual concentration measured over tx 
 
Equation 1 was used to convert both the 3-day 

measurements and the 7-day measurements to 
equivalent highest daily (24h) values. These values 
were then compared to the SA ambient air quality 
standards given in table 1 below. 

 
Table 1: SA ambient air quality standards 

 
Pollutant  Mass concentration 

(𝜇g/m3) 

PM10 24 Hours        75             (50) 

Annual 40             (20) 

PM2.5   24 Hours 40              (25) 

Annual 20              (10) 

 The figures in brackets represent the WHO outdoor 
Air Quality Guideline values.  

 
2.5 SEM-EDX analysis 
 
Particles were collected on poly carbonate 

substrate which provide a flat, featureless substrate 
for computer conrolled scanning elecron microscopy 
(CCSEM) analysis. The substrates were mounted on 
an SEM stub. Collected particles were analyzed with 
the Zeiss Ultra Plus with Sigma 3 flexible detection. 
Both instruments are equipped with secondary and 
backscattered electron detectors and thin-window, 
energy-dispersive X-ray detectors (EDX) that enable 
X-ray detection of carbon and heavier elements. 
Both instruments use proprietary software to perform 
CCSEM analysis of the sample and to enable  off-
line review and processing of CCSEM data. More 
details on particle analysis by CCSEM are provided 
in Mamane et al. (2001). The following SEM 
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parameters were used: 20 kV accelerating voltage, 
magnification of 720X,  16 mm working distance, 
backscatter detection mode, and an EDX acquisition 
time of 2.5 sec, sufficient to acquire a robust X-ray 
spectrum. CCSEM was conducted in the area 
analysis mode, whereby the electron beam was 
focused over a specified area of each particle while 
X-rays were acquired. The total number of particles 
analysed per sample was 280. The analysis time per 
sample was about 4–5 hrs in which approximately 
80% of the exposed collection area was analyzed. 
Samples were gold coated prior to analysis. The 
particles in each sample were classified using rules 
based on their elemental composition into chemical 
classes and  particle types. 

                      
3. Results 
 
3.1 Summer results 
 

Calculated highest daily averages for this period 
are given in table 2 below. The suffix ‘s’ indicates that 
solid fuels were used over the measuring period; ‘n’  
that no solid fuel was used. 
 
Table 2: Calculated highest daily average values, summer.  

 
House 
number 

Calculated from   
3-day exposure 

Calculated from   
7-day exposure 

1s 48.53 101.75 

2n  24.50 

3s 70.67 64.08 

4s 55.05 38.06 

5s 26.62 80.64 

6n 36.84  

7s 29.22 50.72 

8s 44.69  

9n 34.76 53.17 

10n   

11n 43.15 24.61 

12s 59.91  

13n  90.92 

14n  218.22 

15n 107.85 86.69 

17s  59.22 

18s  78.94 

19n 43.75 154.39 

20s 44.53 79.58 

21n 23.73 17.94 

Averages 47.81 76.47 

There is no statistically significant difference 
(even at the p=0.1 level) between the averages for 
the houses using solid fuel and those that do not. 
Similarly, there is no statistically significant 
difference between the highest daily values 
converted from 3-day exposure and 7-day exposure 
periods. This is probably due to the extreme variation 
in the measured values.  

 

3.2 Winter results   
 
Calculated highest daily averages for this period 

are given in table 3 below. The use of solid fuels 
between the houses is similar to that for summer. 

 
Table 3: Calculated highest daily average values, summer   
 

House 
number 

Calculated from 
3-day exposure 

Calculated from 
7-day exposure 

1s 231.11 138.53 

2n 0.00 36.89 

3s 137.60 121.94 

4s 56.75 35.17 

5s 104.64 70.36 

6n 31.00 44.86 

7s 27.89 45.31 

8s 45.80 34.69 

9n 41.27 93.53 

11n 21.82 18.31 

12s 32.45 99.08 

13n 73.69 137.44 

14n 331.02 284.92 

15n 20.15 13.11 

17s 89.13 106.03 

18s 190.65 124.83 

19n 28.76 47.03 

20s 0.00 0.00 

21n 58.22 78.00 

Averages 89.50 85.00 

Again, there is no statistically significant 
difference (even at the p=0.1 level) between the 
averages for the houses using solid fuel and those 
that do not. Similarly, there is no statistically 
significant difference between the highest daily 
values converted from the 3 day exposure and 7 day 
exposure periods. 

 
3.3 Comparison of summer and winter values. 
 
There is no significant correlation between the 3-

day values for the individual houses for summer and 
winter; 7-day measurements showed an R2 value of 
0.42, possibly indicating a difference in lifestyle or 
habit factors between summer and winter.  

 
A t-test carried out at p=0.1 shows that there is no 

significant difference between the calculated values 
in winter and summer for both the 3-day and 7-day 
exposures. The huge variability in the data is not 
linked to the sampling season; neither is it connected 
to the exposure period involved.  Some houses 
however recorded conspicuously higher 
concentrations than the averages for summer and/or 
winter. In house 1, construction was carried out 
during the winter sampling period which explains the 
high winter values. House 14, situated adjacent to a 
busy thoroughfare and an unpaved 
commercial/parking area, had high values during 
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summer and winter and a further investigation into 
the composition of the dust was carried out. Although 
the particle concentrations given above are for PM10-

2.5, it should be noted that larger particles are present 
on the slide and for house 14, these were present in 
much larger numbers than for the other houses. 

 
3.4 Dust composition using SEM-EDS.  
 
An example of the results for a single particle is 

given in figure 3 below. 

 
Figure 3: Al-Si-Ca particle from House 14 during summer. 

Overall composition for the house 14 samples 
(approximately 280 particles in each case) are given 
in table 4 below. The predominance of the mineral 
dust group should be noted. As no background 
samples were available and enrichment factors 
could not be calculated, the composition groups 
were taken from Jung et al (2010). 

 
Table 4: Composition of house 14 samples. 

 
Composition 
group 

  Mass % 
summer 

Mass % 
winter 

Soil/road dust Sum of  73 (±1) 74 (±2) 

Al-Si, Al-
Si-K, Al-
Si-Mg 

 55 52 

Ca/S, 
Ca/Si, Ca-
Mg, Ca-
rich 

 14 15 

Si-rich  5 6 

Iron-
containing 

  4 (±0.8) 5 
(±1.2) 

Carbonaceous   3 (±2) 7 (±3) 

Aluminium   5 (±3) 3 (±1) 

Secondary sul- 
phates/nitrate 

Sum of  2 (±1) 
 

3 (±1) 

Na rich  1 1 

S rich  1 2 

Others   12 (±8) 8 (±3) 

 
 
 

4. Conclusions. 

 

• The combined inferred highest daily particle 

concentration (PM10-2.5 given here and PM2.5 

given in a separate NWU report) exceed the 

PM10 daily limit value by a considerable margin; 

just the inferred highest daily PM10-2.5 values 

given here exceed the  limit for ambient PM10 

by a considerable margin both in winter and in 

summer. 

• The origin of the particles in the PM10-2.5 size 

range cannot be linked directly to the energy 

supply activities in the households. Chemical 

analysis using SEM indicate that the majority of 

the coarse particles are of mineral origin. 

• The inference to be drawn from the above two 

points is that management measures to reduce 

community dust exposure in residential areas 

should not be limited to combustion processes 

but should also address other fugitive dust 

sources such as unpaved road dust or other 

background contributions. 
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A land use regression model (LUR) was developed to characterise long term effects of 
air pollution exposure, in Durban, South Africa. By applying the European Study of 
Cohorts for Air Pollution Effects (ESCAPE) methodology, particulate matter (PM10 and 
PM2.5), sulphur dioxide (SO2), and nitrogen dioxide (NO2) was measured over a period 
of one year and regressed against potential predictor variables. Sampling was 
undertaken in two regions of Durban, one with high levels of heavy industry, and the 
other small scale business activity. Air pollution concentrations showed a clear seasonal 
trend with higher concentrations being measured during winter (26 µg/m3, 4 µg/m3, 50 
µg/m3, and 21 µg/m3 for NO2, SO2, PM10 and PM2.5 respectively) as compared to summer 
(11 µg/m3, 3 µg/m3, 20 µg/m3, and 8 µg/m3 for NO2, SO2, PM10 and PM2.5 respectively). 
Furthermore, higher levels of NO2 and SO2 were measured in south Durban as compared 
to north Durban as these are industrial related pollutants, while higher levels of PM were 
measured in north Durban as compared to south Durban and can be attributed to either 
traffic or domestic fuel burning. The LUR NO2 models for annual, summer and winter 
explained 73%, 60% and 59% of the variance with elevation, traffic, population, open 
space, harbour and a regional variable being identified as important predictors. The SO2 
models were less robust with lower R2 annual (37%), summer (49%) and winter (33%) 
with industrial and traffic variables being important predictors. The R2 for PM10 models 
ranged from 59-66% while for PM2.5 models this range was 62%-73% with only total 
length of major roads emerging as a predictor. Variables such as urban area and length 
of minor roads remained statistically insignificant in each model. While these results 
demonstrate the influence of industrial and traffic emissions from major roads on air 
pollution concentrations, this study highlights the importance of regional and harbour 
variables serving as a proxy markers for industry as done in other parts of the world 
(example the Netherlands). Industry stack emissions can be better represented using an 
air pollution dispersion model. 
 
Keywords: Exposure assessment, air pollution monitoring, land use regression 
modelling.  
 

1. Introduction  

Quantifying an individual’s exposure to air borne 
pollutants remains a key challenge in 
epidemiological studies as the level of exposure 
depends on both the spatial-temporal dynamics of 
air pollution concentrations and the individual’s 
activities. Each individual has their own unique 
personal exposure to air pollution during their daily 

life, occurring both in indoor and outdoor 
environments, and therefore the quantifying process 
is complex (Dias and Tchepel 2018). There is also a 
growing body of literature showing how current day 
outdoor air pollution is associated with significant 
adverse effects on public health. (e.g. Hoek, Beelen 
et al. 2008). Many of these studies have estimated 
individual air pollution exposure by making use of air 
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quality monitoring datasets that are representative of 
the study area and have also made use of more 
complex approaches such as spatial interpolation 
(Brauer, Hoek et al. 2003, Saucy, Roosli et al. 2018, 
Achakulwisut, Brauer et al. 2019). 

Spatial exposure assessment methods include 
proximity-based estimates, interpolation methods 
(e.g. kriging and inverse distance weighting) and 
more complex atmospheric dispersion models. 
Proximity-based estimates give some indication of 
health impact; however, these do not adequately 
consider meteorology or source characteristics and 
thus present a risk of exposure misclassification 
(Jerrett, Arain et al. 2005). When applied at the intra-
urban scale, kriging has been known to produce 
notable variation in air pollutant concentrations at 
very short distances (Briggs 2005) and is therefore 
more effective at a regional or national scale (Bell 
2006, Liao, Peuquet et al. 2006). Dispersion models 
are able to incorporate both spatial and temporal 
variation without the need for additional air pollution 
monitoring, but the input data demands and 
specialised expertise limit opportunities for its 
application (Jerrett, Arain et al. 2005, Michanowicz, 
Carr et al. 2016). 

Further development of exposure models is 
necessary to calculate the spatial variation of air 
pollution and determine individual exposure for 
epidemiological purposes. These models can 
typically be used to supplement monitoring datasets 
where direct measurements are not available as well 
as assist by reducing expensive and resource 
intensive monitoring programs. Furthermore, the 
contribution of different air pollutant chemicals can 
be clearly separated in an exposure assessment to 
determine their health effects. 

Air pollution exposure models can be used in 
health risk assessments, for effectively siting 
ambient air quality monitoring networks, and for 
developing air quality related policies and 
management plans. Air quality monitoring 
instrumentation with high precision, accuracy, and 
temporal resolution is costly to deploy. While data 
obtained from monitoring stations are a useful tool 
for exposure assessments, these fixed sites of 
measurements do not show geographical variations 
in pollutant dispersion, which is essential for 
calculating individual impact. 

Land use regression (LUR) modelling is an 
alternative to these approaches, allowing for the 
calculation of air pollution concentrations at a high 
spatial resolution without requiring a detailed air 
pollution emissions inventory (Brauer, Hoek et al. 
2003, Hoek, Beelen et al. 2008). LUR combines the 
monitoring of air pollution at a number of locations 
with stochastic modelling using predictor variables 
obtained through Geographic Information Systems 
(GIS). Typical examples of geographic predictor 
variables include land use type, population, traffic 

intensity, topography and meteorology. Issues 
regarding the availability of, or access to, complete 
and reliable predictor data (i.e. traffic variables, 
population or housing density, land use, altitude, 
topography, meteorology and location) can hinder 
LUR studies, but generally these models offer a 
reliable alternative to more complex dispersion 
models that require detailed meteorological data 
inputs. 

Published LUR models have been developed for 
sites in Europe, North America and Japan (Ross, 
Jerrett et al. 2007, Hoek, Beelen et al. 2008, 
Wheeler, Smith-Doiron et al. 2008, Kashima, Yorifuji 
et al. 2009, Mukerjee, Smith et al. 2009). Most LUR 
studies use nitrogen dioxide (NO2) as a proxy for 
traffic emissions as this pollutant is known to 
correlate well with traffic densities and is relatively 
simple and inexpensive to measure (Sahsuvaroglu, 
Arain et al. 2006, Hoek, Beelen et al. 2008). Some 
LUR studies have even investigated the importance 
of incorporating meteorological variables for 
predicting air pollutant concentrations (Arain, Blair et 
al. 2007, Ryan and LeMasters 2007). 

An example of multisite LUR model development 
and its application is the European Study of Cohorts 
for Air Pollution Effects (ESCAPE). The ESCAPE 
study has developed LUR models to estimate 
exposure at the residential addresses of cohort 
participants based on uniform monitoring campaigns 
and uniform modelling approaches in 36 study areas 
located all over Europe (Eeftens, Beelen et al. 2012, 
Beelen, Hoek et al. 2013, Cyrys, Eeftens et al. 2013, 
de Hoogh, Wang et al. 2013). Furthermore, within 
the ESCAPE framework, LUR models have been 
successfully developed to estimate the spatial 
variation of annual mean concentrations for various 
pollutants including PM (Eeftens, Beelen et al. 
2012), elemental composition (de Hoogh, Wang et 
al. 2013), nitrogen dioxide (NO2) and nitrogen oxides 
(NOx) (Beelen, Hoek et al. 2013). Since these 
models were used extensively to assess the 
association between long-term exposure to air 
pollution and specific health outcomes, it has been 
selected for application in this study. 

The aim of this study was to characterise and 
model the spatial distribution of nitrogen dioxide 
(NO2), sulphur dioxide (SO2), particulate matter with 
an aerodynamic diameter of less than 10 
micrometres (PM10) and of less than 2.5 
micrometres (PM2.5) concentrations in Durban, 
South Africa, accounting for surrounding land use 
variables, e.g. land use type and traffic intensity. We 
addressed this through the application of the 
ESCAPE methodology. 

Air pollution in Durban results from a variety of 
activities. Apart from ship emissions as it is the 
busiest port on the African continent, pollution 
sources include the petrochemical industrial hub in 
south Durban. South Durban is considered the 
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economic hub of KwaZulu-Natal due to high density 
of industries within this district. North Durban 
however, comprises primarily residential land with a 
limited area of light industrial activity. Due to this 
difference in spatial distribution of air pollution 
between north Durban and south Durban (shown in  

Figure 1, below, a regional component was 
described by using an indicator variable as a proxy. 
Furthermore, most LUR studies do not take into 
account the impact of meteorological conditions, 
such as wind flow, while predicting air pollution. Wind 
is a key meteorological variable having a major 
impact on horizontal transport and distribution of air 
pollutants, as well as vertical mixing and dispersion 
in a region (Tyson 2004). Areas located downwind of 
emission sources such as industrial complexes may 
be exposed to significantly higher levels of pollution. 
This study has also investigated this phenomenon 
by assessing a wind trajectory in relation to industry 
location. 

 

Figure 1: Location of north Durban and south Durban 

in South Africa 

2. Methodolgy  

The ESCAPE methodology was applied (as close 
as possible) in this LUR assessment of Durban, 
KwaZulu-Natal, South Africa. The methodology 
employs a mixture of air pollution monitoring and 
modelling techniques to estimate exposure at 

specific GIS locations to ambient air pollution, 
accounting for surrounding land use. 

2.1 Air Pollution Monitoring  

Continuous PM measurements were conducted 
at 21 monitoring sites while passive NOx and SO2 
measurements were conducted at 41 monitoring 
sites within the eThekwini Municipality. Each 
sampling period was two weeks long. 

PM less than 10 micrometres (PM10) and PM less 
than 2.5 micrometres (PM2.5) was measured using 
Harvard impactors in line with the ESCAPE standard 
operating procedures (SOPs) study manual 
(ESCAPE, 2008). Air is drawn by a pump at a flow 
rate of approximately 10 l/min (± 0.5 l/min) through a 
size selective inlet to a Teflon filter on which airborne 
particles are collected. By weighing the filter before 
and after sampling the particle mass of the collected 
sample was determined. Weighing of all filters was 
performed in one central laboratory at the University 
of KwaZulu-Natal. To prevent overloading of the 
filters, they were exposed over the two week 
sampling duration, timers were used to allow the 
pump to run for a 15 minute period every two hours. 

NOx and SO2 were measured using passive 
Ogawa badges. These samplers consisted of a 
collection filter coated with a reactive chemical. 
Coated filters ordered from the manufacturer were 
stored in the refrigerator at 4 ± 3 °C. After assembly, 
the loaded sampler was sealed, stored into the zip-
lock plastic bag and stored in the refrigerator. 
Transport to the field occurs in the zip-lock plastic 
bag in a cooler box with cold packs. Samples 
collected from the laboratory are transferred to 
Ogawa storage vials and stored the refrigerator. 
Chemical analyses of all badges were performed by 
a South African National Accreditation System 
(SANAS) accredited laboratory. Ambient NOx and 
SO2 concentrations were calculated using the 
recorded sampling duration of the badge.  

PM monitoring was conducted for 3 seasons 
(specifically winter, spring and summer) * 4 periods 
(needed to cover 20 sites with 5 Harvard impactors) 
* 2 (weeks of sampling) = 24 weeks of sampling 
distributed across the year. At one additional 
background site, PM (sixth Harvard impactor), NOx 
and SO2 was measured continuously for a complete 
year to allow for the discontinuous site specific  
measurements to be adjusted to the true long term 
average for the observation period in line with the 
Escape methodology. 

2.1.1 Site Selection  

Monitoring sites were selected to best represent 
the spatial variation of air pollution at home 
addresses of participants selected for the birth 
cohort studies. These sites comprised of 2 regional 
background, 3 industrial sites, 17 urban background, 
18 traffic sites and 1 reference site. The sites were 
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split between Durban North and Durban South while 
a single reference monitoring site positioned in 
Durban central. Prior to any sampling taking place, 
maps of proposed sites were submitted to the 
University of Utrecht to ensure the sample sites 
selected fulfil the ESCAPE methodology 
requirements. Examples of these requirements are 
monitoring sites to be at least 2 meters from a 
roadside and not within 100 meters of construction 
activities. 
 

Every effort was made to co-locate one of the 
monitoring sites with an existing background PM, 
NOx and SO2 monitoring station operated by 
eThekwini Municipality for validation purposes. The 
monitoring site locations are shown in Figure 2 and 
Figure 3 below. The Rural Background Site 1 
(located at the Alverstone monitoring station), rural 
background site 2 (located near Verulam) and 
reference site (located at UKZN Howard College) 
are not shown on the figures below. Red markers 
indicate traffic sites; yellow markers indicate urban 
background sites while blue markers indicate 
industrial sites. 

 

 
Figure 2: Location of monitoring points in Durban 

South 

 
Figure 3: Location of monitoring points in Durban 

North 

2.1.2 Site Characterization  

The following site specific information was 
recorded for each site: 

 Rationale for site selection; 

 List of sites in each category (regional 
background, urban background, traffic site and 
potentially other predictor variables); 

 Coordinates measured by GPS; and 

 Digital photographs such that the immediate 
surroundings of the site can also be seen. 

2.2 Geographical Data on Air Pollution 
Predictor Variables 

Important predictor variables as indicated by 
Hoek, Beelen et al. 2008, include various traffic 
representations, population density, housing 
density, land use type, physical geography and 
meteorology. The eThekwini Municipality Corporate 
GIS Unit provided the geographical information for 
the study area. GIS shape files collected include 
roads, land use, population density as well as 
physical geography such as altitude and distance to 
coastline. The land use data was divided into 
industrial, open space, urban and harbour. 

Road networks were categorised into two groups: 
Major roads and minor roads, based on traffic 
intensity. The eThekwini Municipality Traffic 
Authority provided traffic count data for light motor 
vehicles (LMV), and heavy motor vehicles (HMV) for 
major intersections along roads in south Durban and 
north Durban (period 2013 – 2017). While road 
length and distance to road classifications were also 
used to determine the effect of traffic as done in 
previous studies (Brauer, Hoek et al. 2003, Hoek, 
Beelen et al. 2008), traffic count data was also 
obtained. This served to further explore the effect of 
the number of heavy motor vehicles and light motor 
vehicles on the measured air pollutant 
concentrations in north Durban and south Durban. 

Meteorological data in south Durban was 
obtained from the South African Weather Services 
meteorological station located here. Furthermore, 
the distance to three main industries (two 
multinational refineries and one multinational pulp 
and paper manufacturer) was measured and the 
percentage time the wind blows from the direction of 
those industries to a receptor. Furthermore, wind 
speed, ambient temperature and humidity data in 
hourly resolution was obtained from weather stations 
located in north Durban and south Durban 
respectively for the monitoring period. Annual and 
seasonal averages were calculated and applied 
accordingly in the LUR model. 

Due to the differences in air pollution dispersion 
conditions between north Durban and south Durban, 
a regional component was described by using an 
indicator variable as a proxy for predictors in the 
model. The north Durban was allocated a value of 
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“0” and south Durban was allocated a value of “1”. A 
similar approach was used in the Netherlands for 
modelling road-traffic emissions, were the country is 
divided into different regions that are assigned 
different dispersion factors (Eerens, Sliggers et al. 
1993). 

The selection of buffer radii was based on 
previous ESCAPE studies (Beelen, Hoek et al. 
2007). These include buffer distances in the ranges 
of 50, 100, 300, 500 and 1000 m for major and minor 
road length and 1000 m for distance to major and 
minor roads to account for background emissions of 
NO2, which can be attributed to traffic emissions. All 

remaining variables had buffer distances of 100, 
300, 500, 1000 and 2000 m. The point, line, and area 
predictor data, such as population, roads, and land 
use, were intersected with the different buffers and 
respectively the sum of the number of points, length, 
and areas were calculated within each buffer for 
each site. The predictor variables were then 
exported and integrated to a final database. The 
main GIS predictors collected and used for the 
predictive LUR models, buffer size, rational for 
inclusion as well as expected direction of effect are 
presented in Table 1 below.

 

Table 1: Brief description of geographic predictors and ‘a priori’ definitions.

Variable Type Variables (unit) 
Buffer radius 

(m) 
Rational for Inclusion Effect 

Road length (line) 
Length of major road (m) 50, 100, 300, 

500, 1000 
Road length is directly associated with 
traffic patterns. 

+ 

Length of minor road (m) + 

Distance to road 
(line) 

Distance to major road (m) 
1000 

Distance to roads is associated with air 
pollutant emissions. 

+ 

Distance to minor road (m) + 

Traffic Intensity 
(line)  

No of LMV 
100, 300, 500, 
1000, 2000 Traffic intensity is an indication of 

vehicle emissions. 

+ 

No of HMV 
100, 300, 500, 
1000, 2000 

+ 

Land use 
(polygon) 

Area of industrial (m2) 

100, 300, 500, 
1000, 2000 

Different land uses yield different levels 
of pollutant emission or transportation 
activities. 

+ 

Area of open space (m2) - 

Area of urban (m2) + 

Area of harbour (water) (m2) + 

Population density 
(polygon) 

Population density  
100, 300, 500, 
1000, 2000 

Pollutant contributions from people 
commuting, traveling etc. 

+ 

Physical 
geography (point 
and line) 

Altitude (m) N/A 
Pollutant levels are higher at ground 
level and tend to decrease with 
increasing height. 

- 

Distance to coastline (m) N/A 
Land/ sea breeze interaction can lead to 
effective air pollution dispersion. 

- 

Meteorology 

Percentage time wind blows from 
SAPREF (%) 

N/A 

Wind blowing from the direction of key 
industries can affect air pollution 
concentrations. 

+ 

Percentage time wind blows from 
Engen (%) 

N/A + 

Percentage time wind blows from 
Mondi (%) 

N/A + 

Ambient temperature (ºC) N/A 
Increased temperature results in 
improved dispersion of pollution. 

- 

Wind speed (m/s) N/A 
Increased wind speed results in 
improved dispersion of pollution. 

- 

Humidity (%) N/A 
Increased humidity results in improved 
dispersion of pollution. 

- 

Regional Variable  
Regional variation in air pollution 
concentrations  

N/A 
Pollutant levels in north Durban are 
lower than in south Durban. 

- 

2.3 Land Use Regression Modelling 

Using the ESCAPE (Beelen, Hoek et al. 2007, 
Eeftens, Beelen et al. 2012) approach, standard 
linear regression was used to develop land use 
regression models that best predict the measured air 
pollutant concentrations, i.e. a model that maximises 
the percentage explained variability (R2) and 
minimizes the error (root mean square, RMSE). A 

supervised forward stepwise procedure was 
followed to develop a regression model for each 
pollutant. To validate the model, the leave-one-out 
cross validation (LOOCV) method was adopted, in 
which a model is developed for N - 1 sites and the 
predicted concentrations are compared with the 
actually measured concentration at the left out site. 
The procedure was repeated N times and the overall 
level of fit between the predicted and observed 
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concentrations, across all sites, then computed as a 
measure of model performance. 

All modelling was performed using the Statistical 
Package STATA version 15. A total of 53 variables 
were individually regressed against the NO2, SO2, 
PM10 and PM2.5 concentrations. In total 12 LUR 
models were developed for each pollutant (PM10, 
PM2.5, SO2 and NO2) for each season (summer and 
winter) as well as an annual for this assessment. 
 

3. Results 

3.1 Measurements 

Overall, 90 SO2, 100 NO2, 51 PM10 and PM2.5 

measurements were taken over the duration of the 

one-year monitoring period. Intermittent air pollution 
measurements at monitoring points were adjusted in 
line with continuous monitoring data to provide 
annual averages. A high correlation was observed 
for the duplicate NO2 (R2 = 0.92), SO2 (R2 = 0.85) and 
PM10 (R2 = 0.99) samplers over the one year 
monitoring period at the reference site. No duplicate 
samples was collected for PM2.5. Box plots of the 
average annual as well as seasonal NO2, SO2, PM10 

and PM2.5 concentrations measured across both 
north Durban and south Durban are presented in 
Table 2 below.  

 
 
 

 
Table 2: Distribution of NO2, SO2, PM10 and PM2.5 annual and seasonal means for Durban north and Durban 
south, including median distribution, interquartile range (IQR) and whiskers. 

 

NO2 SO2 

  
PM10 PM2.5 

  
 

3.2 Land Use Regression Models 

The LUR models were developed for each 
pollutant for the combined two study areas (Durban 
North and Durban South). A total of 54 variables 
were individually regressed against the NO2 and SO2 
concentrations as well as the PM10 and PM2.5 

reflectance measurements. The sections below 
presents the information on each model.  

3.2.1 Nitrogen Dioxide 

The annual NO2 model explained 73% (CV; R2 = 
0.51) of the spatial variability in the NO2 adjusted 
concentrations, 60% (CV; R2 = 0.40) for summer and 
59% (CV; R2 = 0.40) for the winter season. Total 
length major road, population, as well as heavy 
motor vehicle emissions returned positive 
coefficients while elevation and the regional variable 
showed negative coefficients. In the summer model, 
total length major road, total number of light motor 
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vehicles, population and industrial land use have 
positive coefficients while open space and the 
regional variable have negative coefficients. In the 
winter model, total length of major roads, harbour 
and industrial land use type as well as light motor 
vehicles and population returned positive 
coefficients while the open space showed a negative 
coefficient. 

3.2.2 Sulphur Dioxide 

The annual SO2 model explained 37% (CV; R2 = 
0.24) of the spatial variability in the SO2 adjusted 
concentrations, 49% (CV; R2 = 0.38) for summer and 
33% (CV; R2 = 0.26) for the winter season. The main 
predictors in the SO2 models included industrial land 
use type and number of light motor vehicles both of 
which showed positive coefficients. In the summer 
model, the regional variable (with a negative 
coefficient) was also present suggesting that SO2 
concentrations in the north are lower during summer. 

3.2.3 Particulate Matter Less than 10 
Micrometres  

The annual PM10 model explained 61% (CV; R2 = 
0.35) of the spatial variability in the PM10 adjusted 
concentrations, 66% (CV; R2 = 0.51) for summer and 
0.59% (CV; R2 = 0.35) for the winter season. The 
main predictors in the annual, summer and winter 
PM10 models included total length major road with a 
positive coefficient. 

3.2.4 Particulate Matter less than 2.5 
Micrometres 

The annual PM2.5 model explained 73% (CV; R2 = 
0.70) of the spatial variability in the PM2.5 adjusted 
concentrations, 68% (CV; R2 = 0.54) for summer and 
71% (CV; R2 = 0.66) for the winter season. The main 
predictors in the annual, summer and winter PM2.5 
models included total length major road with a 
positive coefficient. 

In each model (annual, summer and seasonal) 
VIF was considered reasonable (<5) (Beelan and 
Hoek, 2010). 

4. Discussion 

4.1 Temporal and Spatial Patterns of Pollutant 
Concentrations in Durban 

The monitoring results confirmed a general 
increase in NO2, PM10, PM2.5 and SO2 concentrations 
during winter and a decrease in NO2, PM10, PM2.5 and 
SO2 concentrations during summer. The nature and 
characteristics of air pollution dispersion over 
Durban is known to fluctuate during the year with the 
change of the seasons (Tyson 2004). During winter, 
the slow moving South Indian High is responsible for 
clear skies, low levels of precipitation and weak 
north-easterly winds. The frequency and strength of 
inversions are known to be greatest during winter 

months of June and July. Surface inversions trap air 
pollution by inhibiting adequate air pollution 
dispersion. 

In a greater volume of atmosphere, the ability for 
air pollutants to disperse increases and there is a 
greater chance for its concentration to be reduced. 
During summer, mainly unstable conditions are 
found to develop and the depth of the mixing layer is 
increased thereby enabling free convection of air 
into the upper boundary layer. This phenomenon 
assists air pollutants to disperse into the upper 
atmosphere. Conversely, during winter, particularly 
in the early mornings, stable conditions arise and the 
vertical diffusion of air pollutants is limited. A surface 
inversion may exist nearer to the ground, or 
pollutants may be diffused upward only to be halted 
by an elevated inversion layer. Both of these surface 
and elevated inversions need to be considered in the 
Durban south region when analysing their 
relationship with air pollution dispersion. 

From a spatial distribution perspective, measured 
SO2 and NO2 concentrations (annual and seasonal 
averages) were higher at the south Durban sites 
than at the north Durban sites. Durban is the second 
largest coastal city in the country, and comprises the 
busiest port (located in south Durban) on the African 
continent with the second largest container terminal 
in the southern hemisphere. For the ease of 
transporting goods and other commodities to and 
from the harbour, major industries in the region 
developed around the port. Key industries in the 
Durban south region include two major oil refineries, 
owned by multinational corporations, a multinational 
paper and pulp plant, a sugar mill, several chemical 
industries, the port and some 600 other smaller 
industries. The oil refineries, a paper producer as 
well as a sugar mill are said to be responsible for a 
bulk of the background SO2 and NO2 air pollution 
concentrations.  

Measured PM10 and PM2.5 concentrations (annual 
and seasonal) were on average higher at the north 
Durban sites than the south Durban sites, which is 
consistent with findings from other studies in the 
area. Besides industrial or vehicular emitters, other 
possible sources for the high PM concentrations 
identified in the north are large open fields, regular 
field fires, sugar cane fires and domestic burning of 
garden and other refuse, plus major earthworks and 
construction (Gounden et al., 2007). Since there are 
no known records of PM monitoring being 
undertaken in or around north Durban, these 
findings could be regarded as a baseline for future 
comparison. 

4.2 Land Use Regression Model Results 

In this study, the concentrations of ambient PM10 
and PM2.5, NO2 and SO2 throughout the mixed 
industrial and residential land use types in eThekwini 
and the subsequent LUR modelling present 
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interesting variation across the intra-city regions for 
the different pollutants. Our findings suggest that 
regional differences persist, beyond that adjusted for 
by either traffic or industrial use. An interesting 
finding in the prediction for the winter levels of NO2 
was the “harbour” variable, which resulted in an 
increase in the pollutant level. 

Although we adjusted for the well-established 
land use predictors of the various pollutants, such as 
topography, traffic, industrial, open space and 
population in our NO2 and SO2 models, the “regional” 
variable was a predictor in the negative direction. 
This suggests that additional unmeasured variables, 
particularly in the summer months influence pollutant 
levels, and these variables varied across the north 
and south. Our pollutant monitoring, and other 
studies reporting findings from Durban, indicate 
important north/south differences in NO2 and SO2 
levels (Ramsay and Naidoo 2012, Muttoo, Ramsay 
et al. 2018). To date, this has been largely attributed 
to the varying levels of heavy industry across the two 
regions within the city. The emergence of this 
variable as an influential predictor suggests that the 
“industrial” variable does not sufficiently explain the 
intra-city regional differences. This could be either 
explained by a shortcoming in the available 
datasets, with industrial land use not being 
comprehensively described in the dataset. It may 
also reflect that while the dataset includes large 
heavy industry, smaller scale industrial activity, 
taking place in zones not demarcated as “industrial”, 
may be contributing to the higher levels of pollution. 
With the study being undertaken in a heavy 
industrialised area in south Durban, and the industry 
variable not emerging strongly across all pollutant 
LUR models, this is considered a shortcoming in this 
study and highlights the fact that linear distance 
models are not the most favourable when being 
applied for industry emissions. Furthermore, industry 
emissions, particularly from tall stacks, reach ground 
level some considerable distance downwind from 
the source and at lower concentrations (Tyson, 
2004). 

In our review of land use regression modelling 
literature in South Africa to date, we have not been 
able to identify such intra-city regional influences in 
models. The previous LUR studies in South Africa 
(Muttoo, Ramsay et al. 2018, Saucy, Roosli et al. 
2018), show that while traffic related variables 
remain the best predictors for NO2/NOx and waste 
burning sites and population were good predictors 
for PM, no regional predictors were investigated. It is 
not clear whether these previous studies explored 
proxy predictors for “unmeasured variables”. 

Another interesting finding was that of the 
influence of the “harbour” variable in the winter NO2 
model. Study undertaken by (Beelen, Hoek et al, 
2013) discusses the development of NO2 and NOx 
LUR models for estimating air pollution exposure in 

36 study areas in Europe, shows how the harbour 
variable had also come up as statistically significant 
in models applied in Copenhagen, (Denmark), Ruhr 
Area, (Germany) and Heraklion, (Crete). The 
possible explanation for this finding is that Durban is 
the busiest port in Africa and has the second largest 
container terminal in the southern hemisphere. The 
port has a negative impact to the city’s population 
due to air pollution resulting from the terminal related 
activities, particularly from the marine mobile 
sources. The ports that are in close proximity to 
urban areas produce a combined environmental 
effects due to the juxtaposition of port related 
sources with those related to urban activities 
(Joseph et al., 2009). A recent study undertaken by 
Manqele (2014) aimed to calculate the pollution from 
ships in Durban Port. Findings indicated that ship 
emissions formed part of the cities emissions 
inventory and should not be ignored in cumulative air 
quality assessments. Furthermore, the study shows 
a higher number of vessels frequenting the terminal 
between May and September, suggesting reason for 
the harbour variable being present in the winter NO2 

LUR model. 
While the industry and harbour variables have 

been listed in the seasonal NO2 models, these were 
statistically not the strongest predictor variables. 
Total length major road, population, as well as heavy 
and light motor vehicle emissions, industrial land use 
types also returned positive correlations with NO2 
concentrations. In all (annual and seasonal) models, 
NO2 levels were influenced by traffic variables as 
well as population and has this been demonstrated 
with other studies (Wheeler, Smith-Doiron et al. 
2008, Lee, Wu et al. 2014). Furthermore, a recent 
LUR study in Durban undertaken by Muttoo et al 
(2016) showed that NOx levels were mostly 
influenced by proxy traffic markers such as length of 
road. Factors related to population density (such as, 
domestic fuel burning and sugar cane fires) were 
present in the annual and summer LUR models. 
These are consistent with the findings reported in 
other studies (Morgenstern, Zutavern et al. 2007, 
Beelen, Hoek et al. 2013, Saucy, Roosli et al. 2018), 
in which the population density variable has been 
related to these sources of PM. 

The open space and elevation variables were 
seen as having a negative influence in the NO2 
concentrations. An increase in open space can 
reduce local NO2 concentrations and improve 
respiratory health in the area and has empirically 
been shown by (Rao, George et al. 2017). The 
importance of considering elevation as an influential 
factor for coastal cities has been highlighted by 
(Briggs 2005, Smith, Mukerjee et al. 2006). Elevation 
exhibited a strong (negative) interaction with annual 
average NO2 concentrations indicating that elevated 
areas, (i.e. outside of south Durban) had the lowest 
NO2 levels. 
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The SO2 LUR models were similar to the NO2 LUR 
models in that the industrial land use coverage 
variable as well as the number of light motor vehicle 
variables were retained in all annual and season 
models. In a study undertaken by (Tecer and Tagil 
2013), the highest SO2 values were also associated 
with industrial and traffic emission sources. Industrial 
emissions associated with stacks that are released 
at a height, impact the ground level at a distance 
away from the source. The regional variable was 
listed in the summer SO2 model indicating that lower 
SO2 concentrations are experienced in the north 
during summer. For very fine scale concentrations in 
and around the industrial area, dispersion models 
may be useful to supplement this model; however, 
these models require emission data. SO2 air 
pollution tends to have less variability than many 
other pollutants because of the limited sources. The 
poor strength of the LUR models developed for SO2 
however, suggests that a more careful assessment 
of how industrial variables should be included as 
potential predictor variables is required. However, 
our results agree with the other SO2 LUR studies that 
R2 values for SO2 tend to be suppressed (Gulliver, 
Morris et al. 2011). 

In all PM10 and PM2.5 LUR models (annual and 
seasonal) total length major roads was seen as the 
only significant predictor variable. This likely reflects 
the major impact of motorized road traffic emissions 
as well as road dust being suspended from tire and 
break wear and tear on PM levels. Furthermore, In 
South Africa, a substantial fraction of private cars 
and most middle and heavy-duty vehicles make use 
of diesel as fuel for economic reasons. The major 
impact of traffic emissions on PM concentrations 
was also shown in a study undertaken by Eeftens et 
al., 2012. Other sources of PM such as large open 
fields, regular field fires, unpaved roads etc. where 
not taken into account in the LUR model due to 
limited data. 

While a study undertaken by (Pryor, Barthelmie et 
al. 2008) confirms that sea-spray does contribute to 
PM levels at coastal cities, distance to coastline did 
not emerge as a significant predictor variable in this 
study. This is most likely due to the Bluff Ridge 
between the ocean and Durban south area which 
acts as a buffer to sea spray to samplers located in 
the south Durban. In north Durban, samplers were 
located from approximately 2 km inland of the ocean. 
Sea spray is known to decrease with increasing 
distance away from the shoreline (Junge and 
Gustafson 1957). 

Wind speed affects air pollution concentrations, 
and high pollution concentrations generally appear 
in low or static wind speed weather conditions (Li, Du 
et al. 2010). The prevailing winds in the study area 
are north-easterly and south-westerly winds, but with 
an increase in frequency and strengthening of the 
south-westerly component in winter (due to the 

passage of cold fronts) and an increase in the 
easterly component in summer (as a sea breeze) 
(Tyson et al., 2004). As such, to determine the 
effects of the change in wind regime during each 
season, the inclusion of wind direction as a 
meteorological variable, which assessed the 
percentage time wind blows from the two refineries 
and the paper mill towards each monitoring point, 
was assessed. The inclusion of the wind direction in 
relation to direction of industry did not emerge as a 
significant predictor variable in any of the models. 
Furthermore, the inclusion of annual and seasonal 
average wind speed, ambient temperature and 
humidity also did not emerge as significant variables. 
It is surmised that making use of meteorological data 
from additional weather stations in the study area 
could improve this relationship with measured 
concentrations. Furthermore, as suggested by 
(Mass, Ovens et al. 2002) wind flow observation 
networks in urban areas are sparse and are not well 
suited for providing wind fields at appropriate spatial 
resolutions for use in air pollution modelling and 
health exposure studies. High-resolution regional 
weather forecasting models may provide an 
alternate source of urban-scale wind fields. 

The main limitation in this study is the poor data 
recovery from the eThekwini Municipality air quality 
monitoring network due to stations not being 
adequately calibrated. This meant that data from the 
monitoring network could not be used to supplement 
any periods of missing data in our study or to assist 
with the temporal adjustment. 

5. Conclusion 

Air pollution exposure mapping over space and 
time allows for the identification and delineation of 
pollution ‘hot-spots’, for projecting improvements in 
ambient pollution concentrations resulting from 
policy changes or other air quality management 
interventions, and for estimating individual exposure 
for epidemiological studies. LUR modelling 
techniques have been widely implemented in 
European, North American and East Asian countries 
to assist in determining the spatial distribution of air 
pollution and are now starting to be implemented in 
South Africa. 

While other studies (Muttoo, et al, 2016; Saucy et 
al, 2018) in South Africa have recently assessed 
NOx, NO2 and PM2.5, this study is the first attempt at 
determining the relationship between meteorological 
variables as well as a regional variable and 
measured pollutant concentrations in South Africa. 
The defined regional variation in air pollution 
concentrations between north Durban and south 
Durban could not be taken into account by other 
variables (such as industry). As such, the ESCAPE 
methodology recommends the need to apply a 
specific regional variables in these cases. This 
method was successfully applied in this study with a 
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significant relationship being demonstrated in the 
NO2 models. No clear relationship was evident 
between the meteorological variables and measured 
air pollutant concentrations.  

The Durban south region is regarded as the most 
heavily polluted area in KZN and the industry 
variable did not emerge as strongly as anticipated in 
each of the models. This suggests a major 
shortcoming for LUR models to describe the spatial 
dispersion of industrial emissions using a linear 
model approach. Factors such as valley-induced 
winds, inversion layers, terrain, physical and 
chemical characteristics of the pollutant which affect 
dispersion could not being adequately described in 
the LUR model. Furthermore, since traffic variables 
were statistically significant in all LUR models, 
suggests that this type of modelling works well for air 
pollution sources that are localised in extent. As 
such, a LUR model is not the ideal tool when 
estimating industrial emissions from stacks as the 
resultant plume would only reach ground level some 
distance away from the source. An air pollution 
dispersion model, which incorporates meteorological 
data at a high resolution (example hourly), terrain, 
physical and chemical characteristics of the air 
pollution is recommended to simulate the formation 
and transport of the plume. 

This study aimed to characterise and model the 
spatial distribution of NO2, SO2, PM10 and PM2.5 

concentrations in north Durban and south Durban 
areas of the eThekwini Municipality. While findings 
of the study highlighted the importance of traffic 
(vehicle count as well as road coverage) and land 
use type (more specifically, industry) variables in 
influencing air pollutant concentrations, interestingly 
the regional variable and harbour variables also 
emerged as significant predictors. The regional 
variable further highlights the varying levels of heavy 
industry across the two regions within the city while 
the harbour variable, serves to demonstrate that ship 
emissions are significant and should not be ignored 
in Durban. The study serves to contribute towards 
further understanding air pollution exposure levels 
for ongoing research purposes in South Africa. 
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The National Climate Change Response Policy (NCCRP) (DEA 2011) and the National 
Development Plan (NDP) (NPC 2013) highlight the importance of understanding South 
Africa’s progress in moving towards the climate resilient and lower carbon economy and 
society. To this end, both policies call for setting up a national monitoring, evaluation and 
reporting system for climate change information. As part of the Paris Agreement, 
countries agreed to an enhanced transparency framework for action and support. 
Transparency and reporting of progress in responding to climate change are at the heart 
of the Paris Agreement and as such South Africa, along with other countries will need to 
enhance reporting on climate actions and their effects, among other things. South Africa 
need to strengthen national institutional and technical capacities to meet the enhanced 
transparency requirements of the Paris Agreement. South Africa submitted its Nationally 
Determined Contribution to the United Nations Framework Convention on Climate 
Change (UNFCCC) in September 2015.  
This project created a tracking and evaluation (T&E) system for South Africa that records 
national actions for mitigation and adaptation alongside associated data, including 
challenges, targets, investment, indicators and wider impacts. The T&E System provides 
an excellent data gathering system for information related to mitigation and adaptation 
climate actions and their support. It provides a central archive and database for 
producing an array of reports and data visualisations to inspire and drive action at a 
national level. The information added during this project provides an excellent starting 
point for future data gathering, refinement and output generation on national progress 
and ambition and on how sub-national activities are contributing. The system is designed 
to be a living resource of high-quality information tracking climate action, the challenges, 
progress and ambition. It needs to be continually kept up to date as policies develop, 
new analysis is done, and actions are implemented. With a suitable governance and data 
flow in place, the T&E system will provide timely, transparent and reusable outputs for a 
range of different audiences and drive and inspire action.   

Keywords: Climate Change, Adaptation, Mitigation, Tracking, Evaluation, National 
System, Climate Change Action. 

 

1. Introduction 

The National Climate Change Response Policy 
(NCCRP) (DEA 2011) and the National 
Development Plan (NDP) (NPC 2013) highlight the 
importance of understanding South Africa’s progress 
in moving towards the climate resilient and lower 
carbon economy and society. To this end, both 
policies call for setting up a national monitoring, 

evaluation and reporting system for climate change 
information. 

As part of the Paris Agreement (UNFCCC 2015), 
countries agreed to an enhanced transparency 
framework for action and support. Transparency and 
reporting of progress in responding to climate 
change are at the heart of the Paris Agreement and 
as such South Africa, along with other countries will 
need to enhance reporting on climate actions and 
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their effects, among other things. South Africa need 
to strengthen national institutional and technical 
capacities to meet the enhanced transparency 
requirements of the Paris Agreement. South Africa 
submitted its Nationally Determined Contribution to 
the UNFCCC in September 2015. 

This project created a tracking and evaluation 
(T&E) system for South Africa that records national 
actions for mitigation and adaptation alongside 
associated data, including challenges, targets, 
investment, indicators and wider impacts. In 
addition, it provides visual outputs to inform both 
government and the public on South Africa’s 
progress towards its national targets. 

2. Development of the T&E system  

The T&E system was constructed based on 
previous experience in developing and implementing 
MRV (measuring, reporting and verification) 
systems. These MRV systems were produced in line 
with international good practice whilst considering 
national circumstances and priorities. As such, the 
construction of the T&E System began only after 
extensive research into the current state of play. 
Relevant systems within South Africa were reviewed 
as were relevant international systems. There was a 
focus on understanding the relationship between the 
T&E System and those systems already developed 
by the South African Environmental Observation 
Network (SAEON). Figure 1 shows the data sources 
and systems considered in the T&E system 
development and shows the data flows between 
them. 

 

 
Figure 1. Information flow diagram and data 

sources for the T&E system. 

2.1 System creation and structure 

With the knowledge gained on domestic systems 
and international good practice the structure of the 
system was developed. The T&E System was built 

using SharePoint on Office 365 and is a cloud based 
SAEON service.  

The T&E System is hosted alongside the National 
GHG Inventory Management System (NGHGIS) 
(Stevens et al 2017) on SAEON’s SharePoint site. 
Its structure is based on the three main sections 
listed below:  

• Administration – this section contains 
information on the T&E system including 
individual stakeholders, organisations, datasets, 
guidance and tools and QA/QC activities.  

• Climate Actions – this section provides linked 
lists containing information and data on 
mitigation and adaptation actions. This is the 
central component of the system and contains 
structured information on the details of the 
actions, indicators, impacts and related 
challenges, targets, wider impacts, investments 
and constraints (Figure 2). 

• Outputs – this section provides key outputs from 
the site, presenting this through data 
visualisations and standard reporting tables. It 
provides insight into mitigation and adaptation 
action progress and ambition.  

Table 1 provides information on the lists present 
in each section. It details the main lists that users 
interact with and how these link together. Users input 
data to the lists using user-friendly forms. The links 
demonstrates the extent to which the elements of the 
system are linked together, creating a joined up, 
efficient system. It ensures that consistent 
terminology and referencing is used throughout the 
system. The table also highlights a few key lists that 
are central to the functioning of the T&E system. 

 

 
Figure 2. Interlinking of central elements of the 

T&E system. 

 

Indicators 
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2.2 Access and permissions 

The T&E system is a secure, online information 
portal. Access to the T&E Portal is restricted. 
Different users have different levels of access, and 
the system Administration is responsible for 
maintaining the appropriate access and permissions 
for the T&E Portal. The permissions created within 
the T&E Portal are:  

• Owners with full access and edit rights  

• Editors with edit, add and delete rights for lists 
and documents  

• Contributors with view, add, update, delete 
rights for list items and documents  

• Viewers with view rights for list items and 
documents; download documents. 

2.3 Construction of data structures for the 
system 

Lookup lists are included in the site and linked to 
the central lists. They provide a standardised way of 
categorising information, for example by sector or 
status. The nomenclature used for these lists is 
based on national standards as a priority and 
international standards where appropriate. The aim 
is to standardise vocabularies used across existing 
climate related systems in South Africa. The sources 
of the nomenclature considered are listed below:  

• SAEON vocabularies: SIC codes, SDGs and 
Sendai Framework, GHGs  

• Let’s Respond Toolkit (GIZ 2012) 

• National Hazardous Events Database (NHEDB)  

• National Climate Change Response Database 
(NCCRD)  

• National Climate Change Information System 
(NCCIS)  

• South Africa’s Third Biennial Update Report 
(BUR3)  

• Mitigation sector classification from Mitigation 
department at the Department of Environment, 
Forestry and Fisheries (DEFF)  

• National Development Plan (NDP) (NDC 2013) 

• Climate Adapt 

• National strategies e.g. National Adaptation 
Strategy and the National Climate Change and 
Health Adaptation Plan 

2.4 Development of system outputs 

A key advantage of the T&E System is its ability 
to quickly and automatically produce outputs 
disseminating the information held within the 
system. These have been designed to support DEFF 
in tracking progress in climate action and to meet 
domestic and international reporting requirements. 
Three outputs have been developed under this 
project:  

• Excel Export  

• Automatic Output Tables  

• Data Visualisation and the Public Facing 
Website  

Outputs can be produced by using the simple 
‘Export to Excel’ functionality within the system after 
which the user can create any needed outputs. 
When combined with the system functionality to 
create custom ‘views’ of lists, this export to excel 
functionality allows the user to create simple 
customisable outputs.  

During this project, two additional approaches to 
developing outputs were developed both of which 
require no reformatting by the user, just that the 
information in the T&E System be up-to-date. These 
are (a) information tables which are automatically 
produced and formatted for reports, and (b) data 
visualisation produced and formatted for online 
interaction  

The information tables were developed using 
JavaScript code and formatted to meet the reporting 
requirements for the Biennial Update Reports 
(BURs). They have been designed to match the 
design style of South Africa’s reports. The outputs 
will automatically update to show the information 
present in the T&E System. These can be extracted 
from the T&E System and added to Word 
documents. 

The data visualisation was developed using 
Power BI and formatted to meet the DEFF’s 
requirements. The data visualisation automatically 
shows the latest information in the T&E System. The 
graphs and tables can be exported and used in 
reports, and the underlying data can be exported so 
that users can obtain the information and use it in 
other ways.  

2.5 User manuals 

Two user manuals were developed for the T&E 
System: standard user manual for all users of the 
system (e.g. DEFF and SAEON); Administrative 
user manual designed for the administrators of the 
site (e.g. SAEON). The standard manual provides 
simple instructions and screenshots of the features 
of the system including descriptions of each of the 
lists of information available. The administrative user 
manual also provides information on the more 
detailed design and manipulation of the outputs and 
permissions of the site. These manuals are available 
on the T&E System. 

3. Data gathering and seeding of T&E 
system  

The general approach to data gathering for the 
project was aimed at seeding the system with 
information to test the system’s functionality and 
demonstrate the breadth of information able to be 
held within the system.  
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3.1 Identification and gathering of data 

The following data sources were used to populate 
the system: 

3.1.1 South Africa’s Third Biennial Update Report 
to the UNFCCC (BUR3) 

The National Circumstances, Mitigation Actions, 
Financial resources, capacity and technical support 
received sections were the main sources of 
information capture from the BUR3. Emission 
reductions and savings were included from the 
BUR3 Chapter 3 mitigation analysis metadata 
spreadsheet. These numbers were updated in the 
BUR review process and therefore will need to be 
updated within the T&E system, the updated data 
was not available during the data gathering process. 

3.1.2 National Green House Gas Inventory 
System (NGHGIS) 

The National Green House Gas (GHG) inventory 
system and the NGHGIS report informed the Quality 
objectives of the T&E system. The 2015 GHG 
inventory emissions and emissions per capita were 
used as indicators. The 2015 GHG inventory was 
used as it was also the inventory that informed the 
BUR3. 

3.1.3 Other Documents 

Indicator data was extracted from the Mitigation 
Potential Analysis (MPA) metadata spreadsheets. 
This provided the peak, plateau and decline (PPD) 
range data, data on mitigation potential, projections 
and long-term mitigation scenarios (LTMS). This 
data is still under review and may be confidential, as 
such this data will need to be reviewed and updated 
once it has been finalised. 

4. Conclusions and Recommendations 

The T&E System created during this project 
provides an excellent data gathering system for 
information related to mitigation and adaptation 
climate actions and their support. It provides a 
central archive and database for producing an array 
of reports and data visualisations to inspire and drive 
action at a national level. It will define data structures 
and classifications used at sub-national level for 
tracking action and will hold results of analysis of 
sub-national challenges, actions and their progress. 
The information added during this project provides 
an excellent starting point for future data gathering, 
refinement and output generation on national 
progress and ambition and on how sub-national 
activities are contributing.  

The system is designed to be a living resource of 
high-quality information tracking climate action, the 
challenges, progress and ambition. It needs to be 
continually kept up-to-date as policies develop, new 
analysis is done, and actions are implemented. With 
a suitable governance and data flow in place the 

T&E system will provide timely, transparent and 
reusable outputs for a range of different audiences 
and drive and inspire action.  
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An investigation of temporal and spatial correlations between citizen science odour reports 
and gas measurements from open-path UV-DOAS 
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Over the last few years, the Create Lab at Carnegie Mellon University has developed and 
deployed a citizen science tool called "Smell Pittsburgh" (SmellPGH). Citizen science addresses 
issues through collaboration between experts and citizens. The SmellPGH mobile phone 
application allows anyone to document air quality issues where they are. The application 
crowdsources odour complaints from smartphones resulting in a qualitative olfactory dataset 
that is tagged in time and space. The complaints are also submitted to the Allegheny County 
Health Department (ACHD) in the required format. Olfactory data is not quantitative so it is 
difficult to put into the context of typical air quality data. In conjunction with the Create Lab 
and the Heinz Foundation, Argos Scientific has deployed an open-path Ultraviolet Differential 
Optical Absorption Spectroscopy (UV DOAS) air monitoring system near potential sources and 
receptors in the Pittsburgh airshed. The instrument is capable of obtaining 5-minute quantitative 
readings for aromatic gases including benzene, as well as sulphur gases including sulphur 
dioxide (SO2) and several other gases. The system is co-located with particulate matter sensors 
from ACHD. With the spatial coverage of the thousands of SmellPGH users and the rapid 
sampling of gases with the UV DOAS system, both qualitative and quantitative information is 
generated with the odour reports. This study summarises some of the work to date performed to 
integrate information sources. This includes showing the relationship between odour complaints 
and data collected by the UV DOAS system, as well as the integration of meteorological data to 
identify specific odour sources. In addition the data shows how analysis of the UV spectra 
collected from the instrument allowed the researchers to identify an industry that was not 
operating its plant to specification and was causing an increased impact on the surrounding 
communities. 
   

Keywords: Odour, UV DOAS, Air quality, Sulphur dioxide, Benzene 

 
1. Introduction 

1.1 Description of monitoring system 
Open-path ultraviolet (UV) systems work by 
sending a beam of UV light into the open air and 
receiving it at a detector. When gases are present 
in the beam, some of the light is absorbed, and 
the detector can distinguish between a beam 
received in clean air, versus a beam when gases 
are present. Gases often have their own distinct 
way of absorbing light and may absorb light at 
several different wavelengths (Platt 1994, Platt 
et al 1983).  This acts almost like a fingerprint 
for the gas, and by comparing known reference 
standards to the results from field 

measurements, the system can identify the gas 
based on which wavelength absorption patterns 
are present.  Likewise, the quantity of light that 
was absorbed is proportional to the 
concentration of the gas in the air according to 
the Beer-Lambert Law (Clark 2019).  By 
analysing the size of the absorption that took 
place, the system can estimate the average 
concentration of the gas along the beam path 
(Stutz, et al 1996, Queensland Government 
2007).  Each target gas has a spectral library of 
gases covering the concentration range of the 
analyser.  Spectral libraries are produced using 
gas standards that are traceable to the National 
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Institute for Standards and Technology (NIST).  
Figure 1 shows an example gas phase reference 
library spectrum for benzene.  Benzene displays 
unique, sharp absorption features in the UV 
region making it a suitable candidate for 
applications where relatively low detection 
limits are required. 
 

 
Figure 1: Gas phase reference library spectrum 
for benzene (Olive et al 2019) 
 

1.2 Description of the SmellPGH mobile phone 
application 

The Create Lab at Carnegie Mellon 
University has developed and deployed a citizen 
science tool called "Smell Pittsburgh" 
(SmellPGH) . This is a mobile phone application 
that was designed with collaboration of the 
Allegheny County Health Department (ACHD). 
The application allows for users to submit smell 
reports using their mobile phones. These smell 
reports are sent automatically to the ACHD in 
the required complaints reporting format and the 
smell report is added to the public SmellPGH 
interactive map visualisation. This shows all 
smell reports, locations and times as well as the 
information from Federal air pollution 
monitoring stations in the vicinity. (CMU 
CREATE Lab 2019) 
 

2. Study approach 
During the month of June 2018, an open-path 
Ultraviolet Differential Optical Absorption 
Spectroscopy (UV DOAS) air monitoring 
system was installed near the community of 
Glassport, Pennsylvania. The monitoring 

location was selected for its proximity of 
industrial facilities including a large Coke works 
facility (see Figure 2). The system was setup to 
simultaneously analyse the air for multiple gases 
including benzene, toluene, ethyl benzene and 
xylene (BTEX) as well as sulphur dioxide 
(SO2).  The system collected data every five 
minutes and sent out notifications if the target 
gases are above specific concentration levels. 
In reviewing the Smell Pittsburgh (SmellPGH) 
data, a significant number of the odour 
complaints are related to sulphur smells. This 
includes reporting odours that have smells such 
as “rotten egg” and “sulphur odours” which tend 
to be associated with sulphur gases. The study 
investigated the temporal and spatial 
correlations between the odour complaints as 
logged by the SmellPGH odour reports and gas 
measurements from open-path UV DOAS 
system. 
 

 
Figure 2 – Location of the monitoring station 
(UV DOAS) and sources (Coke Works) relative 
to the community of Glassport Pennsylvania. 
The distance between UV DOAS and Coke 
Works is 1.97 km 

3. Results  

3.1 Impact of sulphur dioxide sources 
On 26 December 2018 a significant detection of 
SO2 occurred at the monitoring site. The event 
lasted almost three hours with concentrations of 
SO2 well above 300 ppb. The entire event is 
shown in Figure 3.  
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Figure 3: SO2 Concentration (5-minute mean) 
measured by the UV DOAS system on 26 
December 2018 
 
During this period there were two distinct events 
occurring with a peak SO2 detection occurring 
at 6:32 PM and a second peak occurring at 8:07 
PM.  As seen in Table 1, during the time of the 
SO2 detections the wind direction changed 
significantly from a westerly direction to a south 
easterly direction. As the wind direction 
changed the concentration of SO2 decreased 
until it reached background levels around 7:20 
pm and then again at 9:40 PM.  Based on the 
change in wind direction and examining the 
difference in spectral absorption characteristics 
of the two events, the two SO2 peaks are most 
likely caused by two different emission sources. 
One of which was likely to be the Coke Works 
to the south of the monitoring location. 
 
Table 1: Hourly wind directions at the UV 
DOAS on 26 December 2018 
Time Wind Direction 
4:53 PM W 
5:53 PM W 
6:53 PM W 
7:53 PM CALM 
8:53 PM S 
9:53 PM SSE 
10:53 PM SSE 
11:53 PM SSE 

 
 

3.2 Relating complaints to gas concentrations 
There was a period on 14 March 2019 where 
there was a significant increase in complaints 
from the SmellPGH application in the Glassport 
Area. This occurred early in the morning. 
Complaints occurred under southerly wind 
conditions. A snapshot of this is shown in Table 
2 below: 
 
Table 2: Summary of the number of odour 
complaints registered on the SmellPGH 
application on 14 March 2019 

Time  

Number of 
Odour 
Complaints 

 3:00-3:30 AM 0 
3:30 - 4:00 AM 0 
4:00 - 4:30 AM 0 
4:30 - 5:00 AM 0 
5:00 - 5:30 AM 1 
5:30 - 6:00 AM 4 
6:00 - 6:30 AM 7 
6:30 - 7:00 AM 17 
7:00 - 7:30 AM 22 
7:30 - 8:00 AM 16 
8:00 - 8:30 AM 24 
8:30 - 9:00 AM 17 

 
The UVDOAS system showed elevated 
concentrations of both benzene and SO2 During 
this period as is shown in Figures 4 and 5 below: 
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Figure 4: Sulphur dioxide trend during the 14 
March 2019 complaints period 
 

 
Figure 5: Benzene trend during 14 March 2019 
complaints period 
 
Table 3 indicates that winds were from the south 
during this period. Therefore there was a source 
of Benzene and SO2 to the south of the 
monitoring location that was causing a rise in 
odour complaints. 
 
 

Table 3: Hourly wind directions at the UV the 
DOAS on 14 March 2019 
Time Wind Direction 
12:00 AM E 
1:00 AM E 
2:00 AM SE 
3:00 AM ESE 
4:00 AM S 
5:00 AM E 
6:00 AM SSE 
7:00 AM SSE 
08:00 AM SE 
09:00AM SE 

 

3.3 Re-analysing the 14 March 2019 UV spectra 
The UV spectral data collected during the 
incident described in Section 3.2 was further 
interrogated for more information regarding the 
potential source to the south of the monitoring 
station. Figure 6 shows a portion of an 
absorbance spectrum in the area where benzene 
peaks occur (252.8 nm). 
 

 
Figure 6: Portion of absorption file from the UV 
DOAS 14 March 2019 06:20 AM 
 
The figure shows the benzene peak but also 
shows that the peak is overlapping with a feature 
from the absorption of another gas. Based on the 
wind direction in Table 3 and the fact that SO2 
was detected, one of the likely sources causing 
the gas detections and the complaints was a 
Coke Plant to the south of the monitoring 
location. Such sources are emitters of polycyclic 
aromatic hydrocarbons (PAH) (US EPA 1998). 
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Figure 7 shows a reference library spectrum for 
naphthalene that was matched to this spectral 
feature. 
 

 
Figure 7: Gas phase reference library spectrum 
for naphthalene 
 
Once the compound was identified as 
naphthalene the data was reprocessed to show a 
maximum concentration of 40 ppb for 
naphthalene during this episode. It also 
increased the likelihood that the emissions were 
from the Coke Plant to the south. Data was given 
to the ACHD and further investigation showed 
that equipment damaged in a fire was potentially 
causing increased emissions. 
 

4. Conclusion 
This paper shows how records of community 
odour complaints by smartphone application 
SmellPGH can be related to elevated ambient 
levels of pollutants, in this case benzene and 
SO2. Meteorological data adds to the spatial 
resolution of the air pollutants and gives 
information on the direction from which 
detected gases are likely to be emitted. The use 
of technologies such as UV DOAS give the 
flexibility to re-analyse the collected UV 
absorption spectra for unknown gases and, in 
this case, an additional pollutant (naphthalene) 
was identified and quantified. This additional 
pollutant information increased the amount of 
information about the potential source. 
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