
An integrated systems approach towards air 
quality management in the Vaal Triangle Priority 

Area  

 L Muyemeki 

orcid.org/0000-0001-7465-5446 

Thesis accepted for the degree Doctor of Philosophy in 
Geography and Environmental Management at the North-

West University 

Promoter:  Prof SJ Piketh 

Co-promoter: Prof RP Burger 

Graduation May 2021 

24707767 



 

i 

PREFACE  

Format of the Thesis 

This thesis is submitted for examination in article format in accordance with the academic rules 

of the North-West University, in which provision is made for the article model. Work done for this 

thesis was carried out by the author between 2016 and 2020 and includes original data that has 

never been published or previously submitted for degree purposes to any university.  

The conceptualisation, research, organisation and writing of the thesis and journal articles were 

conducted by the author. In cases where work by other researchers has been used, such work is 

acknowledged appropriately in the text.  

Three unpublished articles are included in the thesis.  Of these three, one has been submitted for 

review. As per requirements laid out by the North-West University regulations, a PhD candidate 

must submit at least one article to a reputable journal before the PhD thesis is submitted for 

examination. 

Outline of the Thesis 

This thesis is presented in seven chapters, and a description of each chapter is provided below:  

Chapter 1: Introduction  

This chapter includes the specific problem at hand and motivation regarding the study. The aim 

and objectives are presented.  

Chapter 2: Literature review  

This chapter gives a background to particulate air pollution. Various air quality management 

techniques for particulate matter are outlined.  

Chapter 3: Data and methods  

This chapter provides a description of the methods and data analysis used in each article. 

Chapter 4: Evaluating the potential of remote sensing imagery in mapping ground-level fine 

particulate matter (PM2.5) for the Vaal Triangle Priority Area. 

The chapter comprises of an article that focuses on exploring the potential of satellite remote 

sensing as an air quality management tool for monitoring ground-level particulate matter 

concentrations.  
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Chapter 5: Updated PM10-2.5 and PM2.5 source apportionment for the Vaal Triangle air pollution 

priority area, South Africa 

The chapter consists of an article which is focused on identifying the main sources of particulate 

air pollution, with a particular focus on low-income settlements. 

Chapter 6: Integrated assessment of strategies to reduce air pollution in the Vaal Triangle Priority 

Area, South Africa  

This chapter contains an article that is focused on employing an integrated assessment model to 

identify cost-effective control measures for particulate air pollution. 

Chapter 7: Conclusions 

This chapter discusses the conclusions of the study and highlights important findings from the 

study. Recommendations for future research are provided. 
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ABSTRACT 

The quality of air breathed in South Africa is of great concern, especially in the industrialised 

region of the Vaal Triangle where particulate matter (PM) concentrations are high. Long term 

exposure to PM is associated with serious adverse health impacts, including respiratory illnesses, 

cardiovascular morbidity and premature mortality. Rapid urbanisation combined with 

industrialisation, increase in vehicle ownership and continual use of coal and wood as primary 

domestic energy carriers have contributed to the deterioration of air quality in the Vaal Triangle 

Airshed Priority Area (VTAPA). Despite the establishment of an air quality management plan and 

implementation of mitigation measures, the current approach to managing air quality in the 

VTAPA has not produced the desired outcomes. PM levels still remain well above national 

ambient air standards. This is in part due to a lack of implementation oversight and allocation of 

resources. Financial restrictions have also made a contribution; with the current economic 

performance of South Africa, more cost-efficient strategies are required to manage air pollution 

in the VTAPA. 

Air quality management is multidisciplinary in nature. An approach that examines different 

pollutant emissions, their contributions to atmospheric concentrations, potential control measures 

and their associated costs in an integrated system is therefore required. For this reason, an 

integrated approach to air quality management was performed for this study in order to identify 

alternative policy interventions that will reduce air pollution with minimal costs to the South African 

economy. 

Monitoring is a key component of air quality management. However, the number of air quality 

monitoring stations distributed in the VTAPA is inadequate to capture the full-scale variability of 

pollutants. Adding more stations to the current monitoring network will require substantial financial 

resources. The paper “Evaluating the potential of remote sensing imagery in mapping 

ground-level fine particulate matter (PM2.5) for the Vaal Triangle Priority Area” (Chapter 4) 

in this study, seeks to examine the potential of satellite remote sensing, a cheaper and more 

spatially descriptive alternative, in monitoring PM2.5 across the VTAPA. The satellite remote 

sensing method was able to identify PM2.5 concentration clusters consistent with known source 

emission regions in the VTAPA. Temporal analysis of PM2.5 using the satellite remote sensing 

technique shows that concentrations are still above national ambient air standards. For satellite 

remote sensing to be effectively exploited as a tool for air quality monitoring in unmonitored 

regions in the VTAPA, further research on improving the precision and accuracy of satellite-

retrieved PM2.5 is necessary. 
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Source apportionment is an important process during the initial phase and review stage of air 

quality management as it helps in identifying the sources that need to be prioritised for control. 

The paper “Updated PM10-2.5 and PM2.5 source apportionment for the Vaal Triangle air 

pollution priority area, South Africa” (Chapter 5) in this study, identified the main sources 

contributing to PM loading in the VTAPA using the receptor modelling technique. It was found that 

although the VTAPA is a highly industrialised region, localised sources may have a greater impact 

on PM loading in low-income settlements. Source contributions varied across low-income 

settlements, and it is recommended that individual plans will need to be designed to manage air 

quality in these areas. Decision-makers will need to prioritise dust, industry, domestic coal 

burning, wood and biomass combustion sources in the new air quality management plan for the 

VTAPA. 

The paper “Integrated assessment of strategies to reduce air pollution in the Vaal Triangle 

Priority Area, South Africa” (Chapter 6) in this study, uses the GAINS model to integrate data 

on pollutant emissions, their contributions to atmospheric concentrations, potential control 

measures and their associated costs so as to devise a management strategy that effectively 

reduces PM levels in the VTAPA to within national acceptable standards. Comparisons between 

the current and alternate management strategy showed that significant air quality improvements 

would not take place in the medium term if the policy interventions that are presently there for the 

VTAPA were to continue. Implementation of more stringent controls will lower emissions by more 

than half, and decrease concentrations to within recommended air quality limits. The negative 

health impacts from PM exposure are likely to be drastically reduced in the near future if a stricter 

approach is adopted. However, operational costs for this alternative management strategy will 

almost be doubled in comparison to the current approach. 

This study makes an important contribution to the current body of knowledge by identifying a more 

cost-effective approach to air quality management in the VTAPA. It is recommended that future 

studies should include climate change policies in order to identify air pollution reduction measures 

that have the co-benefit of reducing greenhouse gas emissions. 

Keywords: Integrated assessment modelling, source apportionment, GAINS model, satellite 

retrievals, VTAPA 
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CHAPTER 1   INTRODUCTION 

1.1 Background to air quality management in South Africa 

Air pollution in South Africa has long been recognised as a serious threat to humans and the 

environment (Naiker et al., 2012). The country’s heavy reliance on coal has not only contributed 

to economic and social development, but it has also led to high emissions of greenhouse gases 

per capita, and criteria air pollutants including sulphur dioxide (SO2), oxides of nitrogen (NOx) and 

particulate matter (PM) (Klausbruckner et al., 2018). Across many parts of South Africa, especially 

in urban areas, PM air pollution is of great concern (Altieri & Keen, 2019). Sources of PM include 

industries, coal and wood burning in residential areas, mining, transport, biomass burning and 

fugitive dust. Air quality management in South Africa is hinged on the fundamental rights that 

guide legislation and policy. These rights entitle South Africans “to an environment that is not 

harmful to their health or well-being” and “to have the environment protected, for the benefit of 

present and future generations” (South Africa, 2013). In order to guarantee this, air pollution levels 

within the country must be kept within acceptable limits that have minimal health effects. 

From 1965 to 2004, air pollution in South Africa was managed through the Atmospheric Pollution 

Prevention Act, 1965 (APPA). This act adopted a "best practicable means" approach towards 

controlling air pollution in which maximum emission limits were not enforced (Naiker et al., 2012). 

Under APPA, provisions were made for the control of certain industrial activities using a 

registration process. Mechanisms for the control of vehicles, dust emissions from mining and 

smoke control from fuel-burning appliances were also provided. The registration certificates 

provided to industries outlined the stipulated conditions under which the scheduled activity could 

take place. These certificates neither imposed emissions limits to emitters nor did they provide a 

clear outline for controlling air pollution (Winstanley, 2010). APPA was regarded as an ineffective 

legislative measure in managing air pollution in South Africa due to the following reasons: 

• APPA focused on individual source emissions control instead of having and achieving 

ambient air quality standards and thus disregarded the cumulative effects of air 

pollution. 

• APPA was mainly targeting point source emissions from specific industries instead of 

addressing pollution from all sources. 

• APPA did not set targets or standards for air quality. 

• APPA had inefficient mechanisms to ensure compliance and enforcement of control 

measures. 
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In response to these challenges encountered with APPA, the South African government made 

legislative changes which resulted in APPA being repealed and substituted with the National 

Environmental Management: Air Quality Act, 2004 (NEMAQA). This new legislation saw a shift in 

policy from source-based air pollution control to an outcomes-based approach aligned with 

international best practises (Centre for Environmental Rights, 2017). The provisions of NEMAQA 

are outlined below: 

• NEMAQA provides the assessment of the state of air quality through monitoring of 

ambient concentrations 

• NEMAQA provides the government with an important regulatory tool that allows for the 

declaration of regions exceeding ambient air quality guidelines as priority areas.  

• NEMAQA provides for the establishment of ambient and emissions standards. 

• NEMAQA provides for the development of air quality management plans at each 

government level. 

Efforts to manage air quality in South Africa through the regulatory mechanisms specified in 

NEMAQA have been made. The Highveld, Vaal Triangle and Waterberg-Bojanala areas were 

identified as regions exceeding ambient air quality guidelines and declared priority zones (South 

Africa, 2013). Air quality management plans were developed for these priority areas. Minimum 

emission standards for PM, SO2 and NOx were established in 2010 and revised in 2013 

(Klausbruckner et al., 2016). National ambient air quality standards (NAAQS) for pollutants were 

set up and enforced in all spheres of government. However, despite these and other undertakings 

air quality management in South Africa still remains a challenge, as witnessed by the observed 

high levels of PM in priority areas (Altieri & Keen, 2019). Inadequate political buy-in at all spheres 

of government has led to decision-makers giving less attention to air quality issues and allocating 

fewer resources (Tshehla & Wright, 2019). The inconsistency in compliance report checking and 

the lack of follow-ups to non-compliance by authorities have also contributed to air quality 

objectives not being met (Department of Environmental Affairs, 2019). 

Improvements in the management of air quality in South Africa will require the weighing of 

environmental, economic, and social interests in decision making through assessing the multiple 

dimensions of air pollution (van Bree et al., 2007). This will enable the development of effective 

air quality policies required in order to meet national regulatory standards and legislation. 

However, this has to be accompanied by proper monitoring, adequate implementation and 

consistent reviewing of air quality management plans. 
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1.2 Motivation 

After being declared a priority area in terms of the NEMAQA, an air quality management plan 

(AQMP) detailing possible intervention strategies for the Vaal Triangle Airshed Priority Area 

(VTAPA) was published on May 29, 2009 (Department of Environmental Affairs and Tourism, 

2009). A mid-term review of the VTAPA AQMP in 2013, revealed that in spite of the regulatory 

measures put in place, air pollution continues to be a problem in this region (Department of 

Environmental Affairs, 2013). Although air quality in this priority area has improved, PM 

concentration levels still remain above the national ambient air quality standards and global health 

guidelines (Altieri & Keen, 2019). Substantial investments are therefore needed to further reduce 

emissions and decrease the remaining health risks associated with air pollution. However, 

financial constraints are one of the reasons that the VTAPA AQMP failed to meet the desired 

outcomes in the first place (Scorgie, 2012). With the current economic climate in South Africa, it 

is necessary to come up with health-effective and cost-efficient control strategies to further 

improve air quality in a cost-effective manner. 

An integrated approach that assesses the technological, economic, ecological and public health 

aspects of air pollution is required. Such an approach should be able to evaluate future air quality 

based on the assessment and comparison of different air quality policies and control strategies 

taking into account economic costs (Amann et al., 2011; Rafaj et al., 2018). Even in times of 

economic austerity, this approach is capable of designing cost-effective mitigation measures 

(Reis et al., 2012). In the case of air quality management in the VTAPA, data on emissions from 

different pollutants, their contributions to concentrations and exposure, potential mitigation 

measures and their associated costs will be analysed together for this study, with a special focus 

on PM. This will help in identifying which PM source types need to be prioritised, which control 

strategies to put in place and their cost implications to the economy of South Africa. 

1.3 Aim and objectives 

This study aims to perform an integrated assessment of air quality in the Vaal Triangle Airshed 

Priority Area. 

The objectives of the study are: 

1. To explore the spatial variations and temporal trends of particulate matter concentrations in 

the Vaal Triangle Airshed Priority Area 

2. To identify and quantify the relative contributions of sources contributing to particulate 

matter loading in low-income settlements of the Vaal Triangle Airshed Priority Area 
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3. To assess the potential impacts of emission reduction strategies on air quality in the Vaal 

Triangle Airshed Priority Area.  



 

5 

CHAPTER 2   LITERATURE REVIEW 

2.1 Particulate air pollution 

Particulate air pollution can be described as the suspension in the air of a mixture of small solid 

particles and liquid droplets, in quantities that can be harmful to human or animal life (Tan, 2014). 

These particles constitute of a wide range of matter including combustion end products such as 

fumes, soot and smoke, and natural particulates such as aerosolised sea salt, wind-blown dust, 

debris from decomposing plant and animal life, pollen grains, fungal spores and particles from 

volcanic and geothermal eruption (Godish, 2004). These particles, when inhaled, can lead to 

adverse health outcomes such as respiratory illnesses and premature mortality (Liu et al., 2016). 

2.2 Characteristics of particulate matter 

2.2.1 Nature of particulate matter 

Based on the way that they are formed, particle pollutants can be classified into primary and 

secondary particles. Primary particles occur as a result of direct emission from the source such 

as unpaved roads, construction sites, stone crushing, smokestacks, waste burning and forest 

fires (Vallero, 2014). The concentration of primary particles in the atmosphere is controlled by the 

rates of emission, transportation, dispersion and removal of these particles in the atmosphere 

(Popoola et al., 2018). Secondary particles emanate from the reaction of precursor gases (SO2, 

NOx, NH3) and non-methane volatile organic compounds (VOC) in the atmosphere (Tan, 2014). 

This will result in either the development of new particles or the growth of existing particles. The 

formation of secondary particles in the atmospheric environment is influenced by the 

concentrations of precursor gases and other gaseous reactive species (e.g., ozone, hydroxyl 

radical), conditions in the atmosphere, and interactions with cloud or fog droplets (Steinfeld & 

Pandis, 1998).  

In comparison to primary particles, secondary particles have a longer residence time in the 

atmosphere as they are smaller (Popoola et al., 2018). In the atmosphere, primary and secondary 

particles experience significant physical and chemical transformations as a result of interactions 

between particles, gaseous reactions, clouds and rain, and photochemical reactions (Tomasi & 

Lupi, 2017). This results in incessant changes to their particle size distribution and chemical 

composition. Primary particle effects are mostly localised, whilst the effects of secondary particles 

are mainly regional and experienced over a wide area (Vallero, 2014). 

2.2.2 Physical properties 

These include the size distribution and mass concentration of particulates. Size distribution is an 

important attribute as it is the main factor that determines the behaviour of PM. Size distribution 
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influences the transportation and removal of particles in the atmosphere, and the toxicity of 

particles towards human beings (Wiseman & Zereini, 2011). Particle size is usually expressed in 

diameters. However, as particles are not necessarily spherical and have varying densities they 

are defined in terms of an equivalent diameter based on the particle behaviour in a divergent 

airflow, a property which is known as the aerodynamic diameter (Godish, 2004). 

The size for particles spans over a wide scale, from as small as 0.005 µm to as large as 100 µm 

diameter (Finlayson-Pitts & Pitts, 2000). However, the suspended fraction is essentially less than 

40 µm (Steinfeld & Pandis, 1998). PM is classified into two main categories based on 

aerodynamic diameter. This includes fine particles (small particles) with an aerodynamic diameter 

ranging between 0.1 µm and 2.5 µm and coarse particles (large particles) which have an 

aerodynamic diameter ranging from 2.5 µm to 10 µm (Anderson et al., 2012). The fine and coarse 

particles together have a bimodal size distribution in which the minimum concentration lies 

between 1 and 3 μm. These particles have varying characteristics (Table 2-1).  

Table 2-1: Comparison between coarse and fine particulate matter properties (modified from 

Panyacosit, 2005). 

 Coarse particles Fine particles 

Formation and 
sources 

Break-up of solids and droplets Condensation of atmospheric gases 

Erosion of land Coagulation of ultrafine particles 

 Suspension of dust 
Reactions of component gases of 
particles 

 Re-suspension of road debris (tyre/brake 
wear) 

Evaporation of water droplets 
containing dissolved gases 

 Ocean spray 
Combustion of fossil and biomass 
fuels 

 Ash (black smoke) from uncontrolled 
combustion 

Industrial processes (smelters, 
refineries, steel mills, mining) 

 Construction and demolition  

 Disturbance of surfaces (agriculture, mining, 
quarrying, unpaved roads) 

 

 Biogenic emissions (pollen, fungal spores)  

Composition Organic and elemental carbon Organic and elemental carbon 
 Sulphates Sulphates 
 Nitrates Nitrates 
 Chlorides Ammonium 
 Oxides of crustal elements Metals 
 Sea salt Organic compounds 
 Plant and animal debris Water 
 Bacteria Bacteria 
  Viruses 

Physical 
characteristics  

Large mass Large surface area 
 High particle number 

Spatial/temporal 
variability 

High Low 

Atmospheric 
lifetime 

Minutes to days Days to weeks 
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Distance 
travelled 

Usually <10 km 100s to 1 000s km 

Removal 
process 

Gravitational deposition Cloud droplet formation 

Scavenging by rain  

   

Coarse particles normally occur as a result of different mechanical forces such as abrasion and 

fragmentation (Gieré & Querol, 2010). These particles have a higher mass concentration as 

compared to fine particles and generally comprise of earth crust materials and fugitive dust from 

roads and industries (Vallero, 2014). Coarse particulates include materials such as mineral dust, 

sea salt, biogenic particles such as pollen and fungal spores. Due to their large grain size, these 

particles have high settling velocities, leading to shorter residential time in the atmosphere. The 

duration of large particles in the atmosphere is short (minutes to days) with a small distance range 

of 1 to 10 km (Hinds, 1982). During days of high wind activity, the fallout of coarse particles is 

offset by re-entrainment. 

Fine particles have a greater particle number distribution than larger particles and consist of 

converted precursor gases, combustion particles and, organic and metal vapours that have 

condensed (Akbar & Kojima, 2003). These smaller particles have a longer lifespan in the 

atmosphere, from days to weeks and can travel long distances (100 to 1 000 km). Fine particles 

can be divided into three size fractions or modes: Nucleation, Aitken and accumulation modes 

(Figure 2-1). 

Nucleation mode particles have diameters ranging from 1 nm (0.001 μm) to 10 nm (0.01 μm). 

Particles in this mode are formed through the condensation of hot vapours (e.g. flue gas) or 

through the nucleation of atmospheric gases (Steinfeld & Pandis, 1998). Aitken mode particles 

have diameters ranging from 10 nm (0.01 μm) to 100 nm (0.1 μm) and are formed through gas-

to-particle transformations and hot vapour condensation on nucleation mode particles (Gieré & 

Querol, 2010). Due to their minuscule size, particles in the nucleation and Aitken mode have the 

highest particle numbers but make up for only a marginal fraction of the total PM volume or mass 

(Steinfeld & Pandis, 1998). Particles in the accumulation mode are the largest fine-size portion 

having diameters that range from 0.1 μm to 2.5 μm. These particles form as a result of the 

coagulation of particles in the smaller mode or through condensation of vapours on existent 

particles (Godish, 2004).  
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Figure 2-1: Typical size distribution of particle surface area of an atmospheric aerosol 

(Source: Seinfeld & Pandis, 2016) 

2.2.3 Chemical properties 

Understanding the chemical species that make up PM is important in identifying and quantifying 

sources of atmospheric particulate pollution, as well as the health risk towards human beings 

(Stanek et al., 2011). The chemical composition of atmospheric particles is dependent on the 

source emission and the processes which drive the formation of these particles (Tomasi & Lupi, 

2017). Atmospheric PM can be divided into the following categories: 

(i) Sea-salt particles: This is the main component of marine PM. They occur when sea-spray 

droplets evaporate into the atmosphere. Sea-spray droplets form when air bubbles inside 
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whitecaps burst due to wind entrainment, and due to the tearing of droplets from wave 

surfaces. Sea salt is predominantly composed of ions of chloride (Cl-), sodium (Na+), and 

sulphate (SO4
2-), with some magnesium (Mg2+) (Tang et al., 1997). 

(ii) Industrial dust, mineral dust, volcanic ash and dust: These entities have varying 

compositions (e.g. silicates, oxides, sulphates, carbonates, alloys, glass) as their generation 

processes and sources differ (Seinfeld & Pandis, 2016). 

(iii) Primary biogenic aerosol particles: This consists of biological materials (e.g. bacteria, fungal 

spores, pollens, plant fragments and debris) which are mainly coarse in size (Després et 

al., 2012). These materials are composed mainly of organic carbon and other elements (e.g. 

potassium, phosphorus, silicon) in minor quantities. 

(iv) Combustion-derived carbonaceous particles: These particles are mainly composed of 

elemental carbon (EC) and organic carbon (OC). OC is a complex mixture constituting of a 

wide range of organic compounds that form as a result of biomass burning (of wood, leaves, 

crops and forests) or through the condensation of less volatile gases. Elemental carbon 

(which can also be referred to as black carbon, graphitic carbon, or soot) consists of 

carbonaceous materials which have a high solar radiation absorption capacity (Seinfeld & 

Pandis, 2016). EC forms through different combustion processes.  

(v) Secondary inorganic aerosol particles: These comprise of salts (e.g. NO3
-, SO4

2-, and NH4
+) 

that form from precursor gases originating from natural (e.g. marine dimethyl sulphide 

(DMS)) or anthropogenic (e.g. SO2, NOx, NH3, HCl) sources (Allen et al., 2019). The 

reaction between gaseous precursors and mineral dust or sea-salt particles may result in 

the presence of different cations in small quantities. 

(vi) Secondary organic aerosol particles: These particles form in the atmosphere through the 

chemical reaction of organic gases (VOCs) that originate from biogenic (mostly forests and 

phytoplankton) and anthropogenic sources (Hallquist et al., 2009). 

2.3 Sources of particulate matter in the VTAPA 

The current air quality management plan for the VTAPA has identified the following sources as 

important contributors to particulate matter loading: 

2.3.1 Industries 

Air pollution from industries is a major environmental concern in the VTAPA. Industries account 

for over 80% of SO2 and NOx, and 60% of PM10 emissions in the VTAPA (Department of 

Environmental Affairs, 2013). Most of these industries are found in the Vanderbijlpark, 
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Vereeniging, Sasolburg and Meyerton areas. These industries include the iron and steel and 

ferroalloy sector, and petrochemical sector. Coal, coking coal and heavy fuel oil are the main 

energy sources used to drive these industries and have contributed significantly to particulate 

emissions in the VTAPA (Department of Environmental Affairs, 2013). 

The main iron and steel manufacturers in the VTAPA are ArcelorMittal steel (Vanderbijlpark and 

Vereeniging Works) and Davsteel (Cape Gate). Samancor Metalloys (Meyerton) is the only 

ferroalloy facility found in the region. Ca, Al, Mg, Si, K, Fe, Mn and Zn are typical marker elements 

found in metal smelters (Taiwo et al., 2014). Sasol Chemical Industries, Natref and Omnia 

fertilisers are the main petrochemical facilities that are located in the Sasolburg area (Department 

of Environmental Affairs and Tourism, 2009). Trace elements emitted from petrochemical 

industries based on crude oil refining include metals such as Ni and V (Luo et al., 2018).  

2.3.2 Power generation 

Eskom’s Lethabo power station is the sole large power generation source in the VTAPA. This 

power plant operates on large quantities of low-grade coal to generate electricity (Department of 

Environmental Affairs and Tourism, 2009). The burning of low-quality coal at Lethabo has resulted 

in over 8 000 tonnes of PM10 being emitted on an annual basis (Pretorius et al., 2017). Despite 

being retrofitted with electrostatic precipitators (ESP) to reduce particulate emissions, Lethabo 

routinely experiences upset conditions as it is operating past its designed lifespan. A health risk 

assessment study for the Vaal Triangle-Highveld Priority Areas show that, in 2016, exposure to 

PM2.5 pollution from Lethabo power station contributed an estimate of 57 to 122 premature deaths 

(Gray, 2019). Products released from coal-fired power stations include SO2, NO and Cl- (Qiu et 

al., 2016; Zou et al., 2017). When released into the atmosphere, SO2 and NO can undergo 

secondary transformation to form NO3
- and SO4

2-. 

2.3.3 Domestic fuel burning 

Although the majority of the houses in the VTAPA are electrified, households continue to burn 

fuel to meet part of their energy demands as electricity is costly. The majority of the population 

resides in low-income settlements, which include Evaton, Sebokeng, Sharpville, Boipatong, 

Bophelong and Zamdela who cannot afford to consistently pay for the high monthly electricity 

tariffs (Department of Environmental Affairs and Tourism, 2009). Low-grade coal, wood and 

paraffin are deemed to be cheaper alternatives for cooking, lighting and space heating. Apart from 

being low-priced, access to coal is easy as low-income settlements in the VTAPA are located 

within the vicinity of coal mines and local coal traders. Domestic coal and wood burning are an 

important source of PM, especially during stable winter months, when there is a strong need for 

space heating (Barnes et al., 2009). Diurnal and seasonal characteristics of residential burning 
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show that combustion activities peak during the early morning and evening, and during stable 

winter months as a result of increased demand for space heating (Nkosi et al., 2017).  

Although PM emissions from the residential sector are significantly lower (8% of PM10 emissions) 

than those from industries and the power generation sector, the PM exposure levels from 

domestic fuel burning are considerably higher as particulates are emitted at significantly lower 

heights and in enclosed dwellings where people live (Department of Environmental Affairs, 2013; 

Department of Environmental Affairs, 2019). Domestic fuel burning has significant negative 

effects on the health of humans. An estimated 540 000 people die prematurely each year in sub-

Saharan Africa due to household air pollution exposure (International Energy Agency, 2017). 

Chemical profiles from coal combustion in households, other than the carbonaceous species that 

dominate, usually consist of S, Cl-, NO3
- and SO4

2-, while those from wood-burning contain an 

abundance of K+ ions (Matawle et al., 2014). 

2.3.4 Fugitive Dust 

Fugitive dust is defined as dust emitted into the atmosphere through an unrestricted flow stream 

(Pianalto & Yool, 2013). The prevailing dry climatic conditions in the urban environs of South 

Africa makes fugitive dust a potential nuisance. Dust generated through abrasion and entrainment 

can be a traffic safety concern as these particles obscure visibility for vehicles (Van Pelt & Zobeck, 

2007). This dust can also be toxic to humans as it may contain pollutants originating from 

anthropogenic sources. A study into the composition of road dust in the Tshwane Metropolitan 

region of South Africa reported elevated levels of trace metals which include Cd, Pb, Cu, Zn, Mn 

and Cr (Okonkwo et al., 2006). These potentially lethal substances were introduced into the soil 

via deposition of pollutants emitted by industries and vehicle exhausts. For the Vaal Triangle, a 

source inventory performed in the 1990s also identified fugitive dust as one of the main sources 

of PM (Annegarn & Scorgie, 1997).  

2.3.5 Mines and ash dumps 

Three mines are located in the VTAPA, New Vaal Colliery, Sigma Colliery and Glen Douglas 

Dolomite Mine. These mines extract coal through the open cast method. Emissions of fugitive 

dust are the main source of PM from these mines, from activities such as drilling and blasting, 

bulldozing, materials handling and vehicle entrainment on unpaved roads (Department of 

Environmental Affairs and Tourism, 2009). The fugitive dust comprises mineral matter with 

elemental composition Al, Si, K, Ca and Fe, and coal dust opencast mining operations may also 

emit SO2, CO and NOx pollutants from spontaneous combustion in tailings storage facilities 

(Walton & Ngcukana, 2009). Ash dumps and coal stockpiles at Eskom’s Lethabo power station 

are a source of fugitive dust.  
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2.3.6 Vehicle emissions  

The increased transport demand as a result of the rising population in urban areas has led to a 

rise in vehicle numbers in South Africa. Based on previous baseline assessments, emissions from 

vehicles in the VTAPA is an important source of air pollution (Thomas, 2008). Vehicles are the 

second highest contributors to NOx air pollution in the VTAPA, accounting for 11% of emissions 

(Department of Environmental Affairs, 2013). PM, SO2 and NOx emissions from vehicles are as a 

result of fuel combustion, particularly from diesel engines. Diesel exhausts are classified as 

carcinogenic to humans (Silverman, 2017). Particulates can also be released as a result of the 

wearing and tearing of brakes and tyres, and these particles usually contain Zn, Mn and Fe (Jan 

Kole et al., 2017). Apart from combustion PM can also be released into the atmosphere through 

the re-entrainment of road dust by vehicles. 

2.3.7 Waste burning  

Emissions from waste combustion are of concern in the high population density areas of the 

VTAPA. Low-income settlements are associated with high volumes of waste being generated. 

Refuse collection in these areas is infrequent, which forces residents to find alternative means of 

disposal apart from through formal landfills (Department of Environmental Affairs and Tourism, 

2009). Options include burying refuse, discarding of litter in open spaces and the unsanctioned 

burning of waste (Department of Environmental Affairs, 2013). The latter activity is more 

detrimental to air quality as particulates can be released through waste burning. The type of waste 

burned is important as carcinogenic heavy metals such as Cd and Cr can be released into the 

atmosphere (Verma et al., 2016). These heavy metals are emitted as a result of the burning of 

discarded electronic devices such as cellphones, remote controls and computer monitors 

(Gangwar et al., 2019).In low-income residential areas, waste is usually not sorted before disposal 

(Oelofse et al., 2018). Domestic waste can end up being mixed with garden waste. In addition, 

domestic waste is usually dumped in open spaces where there is vegetation. This can lead to 

waste burning mixing being accompanied by biomass burning. Waste in the form of plastics, 

papers as well as tyres is usually openly burned in open spaces and near minibus stations by 

street vendors, especially during winter for warmth (Rodseth et al., 2020). 

2.3.8 Biomass burning  

Largescale agricultural burning in the VTAPA plays a significant role in ambient air quality, 

especially during drier winter months. Combustion of organic plant material results in large 

amounts of air pollutants being emitted in a short time span. These pollutants include CO, CH4, 

NOx, SO2, PM and VOCs (Department of Environmental Affairs, 2019). Biomass burning also 

takes place in the domestic and municipal setting so as to control grass encroachment. Chemical 
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profiles for biomass burning are usually characterised by a high abundance of K and K+ and minor 

contributions of SO4
2- and NO3

- (Chuang et al., 2016). 

2.4 Health impacts of particulate matter 

Epidemiological research into the effects of air pollution has identified PM as a major health threat 

(Liu et al., 2016). The presence of inhalable particulate matter in the atmosphere in high 

concentrations could expose humans to respiratory allergies and cardiovascular diseases. There 

is strong evidence to support that PM is a source of several health problems including increased 

severity in the symptoms of asthma and pulmonary diseases, reduced lung performance, heart-

related complications and premature mortality (Feng et al., 2016). The health effects of PM 

depend on the chemical composition and physical size of particles as well as length of exposure 

(Kim et al., 2015).  

Generally, coarse particles do not pass the upper respiratory tract when inhaled, as they tend to 

settle quickly on the trachea or the bronchi (Atkinson et al., 2010). Fine particles, however, can 

enter considerably deep into the lower respiratory tract and lodge in the alveoli where toxins 

attached to the fine particles can be released and absorbed into the bloodstream (Fu et al., 2011). 

An overview of some of the adverse health effects associated with PM inhalation is provided in 

Figure 2-2. 

Chemical composition plays an important role in determining the toxicity of particulates (Davidson 

et al., 2005). Particulates containing transition metals, including iron, can cause damage to the 

pulmonary tissue by increasing the production of reactive oxygen species in human cells 

(Valavanidis et al., 2008). Other heavy metals, such as lead, are associated with cardiovascular 

diseases, specifically hypertension (Mordukhovich et al., 2012).  

The health effects of PM vary can according to the duration of exposure, which can either be 

short-term (hours, days) or long-term (months, years). Short-term exposure is associated with 

eye irritations, respiratory illnesses and increased hospital admissions for ischemic heart disease 

and heart failure (Morris, 2001). Health outcomes as a result of long-term exposure to PM include 

a greater risk of lung cancer and cardiovascular morbidity and mortality (Anderson et al., 2012). 
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Figure 2-2: Health effects of PM inhalation on the human body (Source: Pope & Dockery, 

2006). 

2.5 Management of particulate matter 

2.5.1 Emissions estimates 

There is a major concern over the level of particulate emissions in South Africa as PM is regarded 

as a priority pollutant that can have significant negative impacts on air quality and human health. 

Obtaining accurate PM emission estimates is important for establishing air quality trends and 

identifying priority emission sources (Simon et al., 2008). These estimates can be used for policy 

purposes to assess the effectiveness of mitigation strategies in attaining national emission targets 

(Jyethi, 2016). Emission estimates can also be used as input for modelling atmospheric dispersion 

(Simon et al., 2008). Currently, a complete bottom-up emission inventory for South Africa’s air 

pollutants is non-existent. This is due to the absence of up-to-date emissions data resulting from 

inconsistent reporting by source emitters. In an attempt to tackle this problem, the Department of 

Environmental Affairs for South Africa launched the internet-based National Atmospheric 

Emission Inventory System (NAEIS) in 2014. All major emitters with atmospheric emission 

licenses are now required to submit emission inventory reports annually (Mdluli, 2014). 
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Global emission sources are currently being used to assess trends in air quality for South Africa 

(Henneman et al., 2016). These include the Emission Database for Global Atmospheric Research 

(EDGAR) version 4.3 and the Greenhouse Gas and Air Pollution Interactions and Synergies 

(GAINS) model. EDGAR is a bottom-up global emissions inventory developed by the Joint 

Research Centre of the European Commission in partnership with the Netherlands Environmental 

Assessment Agency (Janssens-Maenhout et al., 2013). EDGAR contains historical emissions for 

air pollutants and greenhouse gases, from combustion and non-combustion sources, for all 

countries. The approach used to calculate these emissions is clear and consistent, allowing for 

comparisons between countries (Crippa et al., 2018). The GAINS model is an integrated 

assessment framework that provides emission estimates and abatement options for 172 country 

regions (Amann et al., 2011). Emission estimates are calculated using activity data for energy 

use, industrial combustion and processes, and agricultural activities obtained from international 

and national statistics (Amann, 2012). A comparison between EDGAR and GAINS is shown in 

Table 2-2: 

Table 2-2 Description and comparisons between the GAINS model and EDGAR global 

emission inventory 

Name Source sectors Pollutant species Spatial 

resolution 

Temporal 

resolution 

Reference 

EDGAR energy, industrial processes, 

on-road and off-road transport 

sources, agriculture, large-

scale biomass burning, and 

other anthropogenic sources 

CO2, SO2, CO, 

PM10, NOx, NH3, 

NMVOC, CH4, 

N2O, HFCs 

0.1° x 0.1° 1970 – 2012 Janssens-

Maenhout 

et al. 

(2013) 

GAINS energy, industrial combustion 

and processes, on-road and off-

road transport sources, 

residential, and agriculture 

CO2, SO2, CO, 

TSP, PM10, PM2.5, 

PM1, BC, OC, NOx, 

NH3, VOC, CH4, 

N2O, F gases 

0.5° x 0.5° 1990 – 2050 (5-

year increment, 

projection 

starting in 2015) 

Amann et 

al. (2011) 

      

2.5.2 Satellite Retrievals 

Routine PM concentration measurements are traditionally done at surface monitoring stations 

that can provide valuable information for air quality forecasting (Sinha et al., 2015). Due to high 

capital and operational costs, ground-based monitoring stations are irregularly distributed and 

have limited spatial coverage (Munir et al., 2016). Satellites can be used to supplement ground-

based PM measurements through their ability to repetitively monitor geographic phenomena over 

large spaces, including remote areas (Engel-Cox et al., 2004). Improvements in the interpretation 

of satellite aerosol retrievals have enabled for the estimation of surface PM at high spatial and 
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temporal resolutions. This has the potential for satellite retrievals to be used in monitoring long 

term trends of ambient PM (Duncan et al., 2014). 

Aerosol optical depth (AOD) is a highly robust parameter that is widely used to estimate surface 

PM concentrations from satellites (Chu et al., 2016). It is a dimensionless parameter that 

describes the degree of light extinction by aerosols along the integrated atmospheric vertical 

column from Earth’s surface to the top of the atmosphere (Streets et al., 2013). An AOD of 0.01 

represents a very bright, clear blue sky. AOD values ranging between 2 and 3 are indicative of 

heavy aerosol loading from extreme events like dust storms or fires (National Oceanic and 

Atmospheric Administration, 2019). Moderate Resolution Imaging Spectroradiometer (MODIS) 

and Multi-angle Imaging Spectroradiometer (MISR) are the most widely used satellite instruments 

for converting AOD to ground-level PM mass concentration as they have global coverage with 

moderate spatial resolutions (van Donkelaar et al., 2006; Liu et al., 2007).  

Research on applying satellite remote sensing for estimating and monitoring surface PM began 

in the mid-2000s. This involved investigating the relationship between total column AOD and 

surface PM concentrations. Early studies through linear regressions developed simple empirical 

relationships between these two variables (Liu et al., 2005; Liu et al., 2007). Other studies 

combined meteorological variables such as temperature, relative humidity, wind speed, wind 

direction and mixing layer height with satellite AOD retrievals in an attempt to improve the quality 

of PM estimations (Koelemeijer et al., 2006). In recent works by van Donkelaar et al. (2015), AOD 

retrievals from MODIS, MISR and SeaWIFS (Sea-viewing Wide Field-of-view Sensor) 

instruments were merged with AOD simulated from the GEOS-Chem chemical transport model 

to generate surface PM mass concentration estimates. These estimates were then globally 

adjusted using a Geographically Weighted Regression (GWR) model. Although numerous studies 

(Chu et al., 2016) have shown that satellite remote sensing can be used to produce PM 

estimations with a reasonable degree of agreement with ground measurements, converting 

satellite retrieved AOD to global PM concentrations is still a challenge as meteorological variables 

and aerosol composition varies from one region to another (Stirnberg et al., 2018). 

2.5.3 Source apportionment 

Source apportionment is a process that involves identifying emission sources and determining 

the proportional contribution of each source to observed concentrations at selected receptor sites 

(Pant & Harrison, 2012). This is important in air quality planning, as priority can be given towards 

managing important sources through the identification of sources and the apportionment of their 

contributions (Thunis et al., 2019). Source apportionment is typically conducted through receptor 

modelling to identify PM sources. Receptor models are mathematical techniques that use 
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multivariate statistics about physical and chemical characteristics of PM to infer contributions from 

different emission sources at specific receptor locations (Watson et al., 2002). Receptor models 

can be classified into two groups: microscopic and chemical. 

Microscopic methods focus on analysing features associated with individual particle formation in 

the ambient air. These techniques include scanning electron microscopy (SEM) and automated 

SEM (Pant & Harrison, 2012). Application of these techniques on a large-scale is difficult, as 

results from microscopic methods are not quantitative (Hopke, 2016). Chemical methods identify 

different source types based on the chemical composition of PM particles from ambient air. The 

compositional profiles of trace elements, ions (cations and anions) and elemental/organic carbon 

for specific sources are used as markers to distinguish and to ascertain the contributions of 

sources at receptor sites. Chemical methods have been widely used in PM source apportionment 

studies worldwide (Taiwo et al., 2014). The most commonly used chemical methods are the 

Chemical Mass Balance (CMB) and Positive Matrix Factorization (PMF).  

2.5.3.1 Chemical Mass Balance 

The CMB receptor model is based on the principle of conservation in which the particulate mass 

recorded at the receptor site is equal to the summation of contributions from each of the sources 

(Hopke, 2016). Before applying this method, the chemical signatures of all relevant sources for 

the area under study must first be determined. The fundamental assumptions of the CMB model 

are: 

• the source profiles are constant over the ambient and source sampling period 

• chemical species do not interact with each other (i.e. they add linearly) 

• the number of chemical species is greater than or equal to the number of sources 

• source compositions are linearly independent of each other 

• measurement errors are random, uncorrelated and normally distributed. 

The model equation for CMB is given below: 

𝑪𝑰 = ∑ 𝒂𝒊𝒋𝑺𝒋, 𝟏, 𝒏

𝒑

𝒋=𝟏

 

Equation 2-1: Chemical mass balance  
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where: Ci is the ambient concentration of the species I; ajj is the fractional concentration of species 

i in the emissions from source j; Sj is the total mass concentration contributed by source j; p is the 

number of sources; n is the number of species, with n  p. 

The CMB has been employed on several occasions to evaluate the contribution of different 

sources to PM pollution (Gupta et al., 2007; Gummeneni et al., 2011; Srimuruganandam & Shiva 

Nagendra, 2012; Huang & Wang, 2014; Martínez-Cinco et al., 2016). The strengths of the CMB 

model are: 

• key source contributions are quantified from elemental, ionic, and carbonic 

measurements  

• source subtypes can be quantified using single-particle and organic compound 

measurements 

• errors on source contribution estimates can be quantified from input data, uncertainties 

and collinearity of source profiles. 

Despite being a commonly used model for source apportionment, the CMB has some limitations, 

which include: 

• a generalisation of sources is difficult as source profiles are usually site-specific, i.e. the 

composition of soil dust can vary according to location 

• source profiles are time-dependent so measurements over shorter periods may not fully 

capture data that is representative of particular sources, i.e. vehicle emissions can 

change in the long term due to changes in fuel composition, vehicle design and emission 

control technology 

• knowledge on the emission profiles for every relevant source is required – this data is 

not commonly available 

• analysis in the CMB can be impaired by collinearity among similar sources 

• unknown or new sources are not directly identified; therefore, a substantial fraction of 

the measured pollutant load may not be resolved.  

2.5.3.2 Positive Matrix Factorization 

The PMF model is a multivariate factor analysis tool that deconstructs the matrix of speciated 

sample data into two matrices: factor contributions and factor profiles (Zou et al., 2017). PM 

species observations are expressed as the summation of contributions from a number of non-

time varying source profiles (Reff et al., 2007). Unlike the CMB, the PMF does not require any a 
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priori knowledge on source composition. The selection of the number of factors in a PMF is 

subjective and will depend on the knowledge of the sources commonly found in the region of 

study (Gupta et al., 2012). The model for PMF is expressed in Section 5.2.4. 

The fundamental assumptions of the PMF model are: 

• compositions of emission sources are constant throughout the ambient sampling 

periods at the receptors 

• chemical species include in PMF do not react with each other and are linearly additive 

• source compositions are linearly independent of each other 

• the number of analysed chemical species is greater than or equal to the number of 

sources 

• a large data set is normally required in which the number of samples exceeds 

significantly the number of species analysed 

The PMF is a powerful and widely used multivariate receptor model with advantages that include: 

• data on emission sources profiles are not required 

• missing data or observations below detection limits are handled by assigning them low 

weights to reduce their influence during the analysis 

• missing sources can be identified using this model. 

• Data with a heavily positive skewed distribution can be included in the analysis by down 

weighting extreme points to reduce their influence 

Like any other receptor model, the PMF has its limitations which are: 

• a large dataset on measured concentrations is required 

• there is a subjective determination on the number of factors to be retained 

• inference of emission sources is made by interpreting these factors 

• knowledge of source profiles is required to validate the representativeness of the 

computed source profiles and errors in the estimated source contributions 

• an analysis is limited by the number of species measured at the receptor sites. 
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2.5.4 Dispersion modelling 

Atmospheric dispersion models are mathematical simulations used to mimic the dispersion of air 

pollutants by tracing the emission pathways of a pollutant from its source to the receptor based 

on the physical and chemical processes taking place in the atmosphere (Bluett et al., 2004). 

These models can be applied to investigate the impacts of emissions from specific sources on 

pollutant concentrations nearby (Awasthi et al., 2006). Atmospheric dispersion models are also 

important regulatory tools in assessing compliance with air quality standards and regulations 

(South Africa, 2014). Unlike traditional ground-based monitoring which is limited to specific 

locations, these models are used to assess air quality in unmonitored sites. 

There are different forms of models used to simulate the dispersion of pollutants which include 

Gaussian, Eulerian and Lagrangian models. Gaussian models are the simplest and most 

commonly used. Gaussian models are divided into plume or puff. Plume models describe 

dispersion under the assumption of steady-state conditions, whilst puff models simulate the 

evolution of puffs over time as a function of spatial and temporal changes in meteorological 

conditions (Forehead & Huynh, 2018). Examples of Gaussian based dispersion models include 

AERMOD and CALPUFF. A limitation of the Gaussian model is that it does not take into account 

low wind conditions and sites within proximity to the source i.e. distances less than 100 m (Holmes 

& Morawska, 2006). Eulerian and Lagrangian models have advanced features. Eulerian models 

calculate the dispersal of pollutants on a three-dimensional grid of cells fixed in space, whilst 

Lagrangian models perform similar simulations but on grid cells moving with the wind flow (Capelli 

et al., 2013).  

Most modern-day dispersion models operate on computer-based programs. As input, these 

models require data on the geometric configurations of emission sources and receptors, emission 

rates and meteorological parameters (wind speed and direction, ambient temperature, and 

stability conditions) of the study area. The step-by-step procedure for operating a dispersion 

model is shown  in Figure 2-3: 
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Figure 2-3: Overview of the procedure used when operating a dispersion model (Source: 

Bluett et al., 2004). 

For the purpose of this study, the CALPUFF dispersion model will be discussed in detail in Section 

3.4.1. 

2.5.4.1 Advantages of atmospheric dispersion modelling 

 Atmospheric dispersion models have been extensively applied to simulate spatial and temporal 

distributions of air pollutant concentrations at varying scales. There are a number of reasons that 

make these models suitable for air quality assessments: 

• air quality information is generated at high spatial and user-specific temporal resolutions 

• operating a network of ambient monitoring stations will cost more than estimating 

pollutant concentrations using atmospheric dispersion models 

• the effectiveness of specific emission control strategies can be assessed through 

multiple scenario analyses 

• can be used to evaluate source-receptor relationships. 
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2.5.4.2 Limitations of atmospheric dispersion modelling 

Like any other mathematical model, atmospheric dispersion models have their limitations which 

impair on accuracy. These limitations include: 

• Predictions are limited by the incorrectly calculated emission data, inaccurate 

meteorological parameters and inadequate knowledge on proper model configuration 

by the user 

• Model performance is limited by the model’s treatment of physical and chemical 

processes, i.e. Gaussian models do not take into consideration low wind conditions. 

2.5.5 Integrated assessment modelling 

Integrated Assessment Modelling (IAM) is the process of combining knowledge from multiple 

disciplines in order to elicit feasible solutions that can be used to inform policy (Peduzzi et al., 

2018). In the case of air quality planning, IAM models combine data on source emissions, 

atmospheric dispersion, abatement measures and their implementation costs (Carnevale et al., 

2012). IAM models like GAINS have been used in the EU for intergovernmental negotiations 

concerning long-range transboundary air pollution (Miranda et al., 2016). Application of IAM 

models for air quality management in South Africa is still in its infancy. These tools have the 

potential to be used to validate compliance with air quality targets in South Africa. For this study, 

the GAINS model was used to justify the need for an integrated assessment for managing air 

quality in South Africa. 

2.5.5.1 GAINS model 

The GAINS model is an integrated assessment model developed by the International Institute for 

Applied Systems Analysis (IIASA). The purpose of this model is to translate scientific insights on 

air quality and climate change into applicable policy (Klaassen et al., 2005). This is done by 

combining information on emission projections and control costs, atmospheric dispersion 

characteristics and environmental sensitivities to air pollution and climate change (Carnevale et 

al., 2012). The model operates in two modes which are the scenario analysis and optimisation 

mode. The scenario analysis mode gives insights into the possible environmental outcomes 

based on an assumed pattern of emission controls and, economic and energy developments. In 

the optimisation mode, the minimal-cost allocation of emission controls to meet environmental 

targets are systematically identified (Kelly, 2006). The GAINS model has different components. 

The first component is centred on anthropogenic activities and emissions, the second on emission 

mitigation options and their costs, the third on atmospheric dispersion, and the fourth on the air 

quality impacts. These components are discussed in the following sections except for the air 
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quality impacts (on health), which are described in Section 6.2.8. Figure 2-4 shows the framework 

for the GAINS model: 

 

Figure 2-4: Overview of the GAINS modelling procedure (Source: Winiwarter, 2005). 

2.5.5.2 Emissions projections in GAINS 

Emission forecasts are based on socio-economic drivers and energy projections. Socio-economic 

drivers include population growth, economic growth (i.e. GDP) and expected growth of key 

sectors or activities (Kelly, 2006). These parameters are important in determining the likely 

pathways of polluting activities. Energy use plays an important role in the generation of air 

pollutants (International Energy Agency, 2017). Information on the type of fuel used and the 

degree of consumption for a particular sector/activity is critical for energy forecasting. Socio-

economic parameters and energy forecasts are exogenous and have to be fed into the GAINS 

model. A detailed description of how emissions are calculated in the GAINS model is given in 

Section 6.2.2. 

2.5.5.3 Emission control options and cost calculation in GAINS 

The GAINS model uses a set of technical and structural measures to reduce emissions. Technical 

measures involve the use of end-of-pipe options that capture emissions at their sources before 

they are released into the atmosphere (Amann, 2012). This includes control strategies such as 
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flue gas desulphurization (FGD) and the application of high-efficiency dedusters. However, these 

measures can neither alter the anthropogenic driving forces of these emissions nor can they 

induce structural changes to the composition of energy systems and agricultural activities (Purohit 

et al., 2013). For structural measures, the level at which energy services are supplied to 

consumers is similar but with lower resultant pollution. These measures alter polluting levels but 

do not have an impact on anthropogenic activities. Substituting coal for liquefied petroleum gas 

(LPG) in the domestic sector is a typical example of such measures (Amann et al., 2011). 

Associated costs for each emission control option are calculated under the notion of a free market 

in which abatement technologies are assumed to be available to all countries at the same costs 

(Amann, 2012). The parameters used in calculating the implementation costs of emission controls 

are abatement efficiencies, unit investments costs and, fixed operating and maintenance costs. 

Cost curves that relate the emission reduction levels with associated costs for a given pollutant 

are produced (Klaassen et al., 2005). 

2.5.5.4 Atmospheric dispersion in GAINS 

In order to determine the fate and impacts of air pollutants in a particular region, it is necessary 

to trace the path of emissions to their end-points. The GAINS model relies on the Unified 

European Monitoring and Evaluation Programme (EMEP) Eulerian model for atmospheric 

dispersion and deposition simulations (Simpson et al., 2012). National emissions data from 

GAINS is used for a ‘country-to-grid’ EMEP model analysis which illustrates the air quality impacts 

of changing emissions on individual grid cells (Kelly, 2006). GAINS does not assign individual 

emissions to each grid cell and then simulate pollutant dispersion grid by grid. Instead, a reduced 

form of the EMEP model comprising source-receptor relationships based on several hundred full 

EMEP runs from emissions by individual sources are used to model dispersion (Amann, 2012). 

Pollutant dispersion is modelled on a 50 km x 50 km grid resolution. 
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CHAPTER 3   DATA AND METHODS 

3.1 Introduction 

The data and methods employed are explained in detail within each article (chapter 4 - 6). This 

chapter intends to briefly provide a description of the methods used and, in some cases, to provide 

supplementary information not included in the articles themselves. For this study, the following 

conceptual framework (Figure 3-1) was followed, highlighting where each objective fits in: 

 

Figure 3-1: Conceptual framework outlining the process to be followed in each research 

objective (modified from the Department of Environmental Affairs and Tourism, 

2007). 

3.2 Objective 1: To explore the spatial variations and temporal trends of particulate 

matter concentrations in the Vaal Triangle Priority Area 

The purpose of this article was to justify the need for the inclusion of satellite remote sensing in 

monitoring spatial and temporal changes in PM2.5 concentrations in the VTAPA. High resolution 

(1 km x 1 km) satellite-derived PM2.5 concentration data for the period 2007-2016 were acquired 

from the Atmospheric Composition Analysis Group of Dalhousie University, Canada 

(http://fizz.phys.dal.ca/~atmos/martin/) and ground-truthing was employed using local 

monitoring station data for the six sites within the VTAPA obtained from the South African Air 

Quality Information System (SAAQIS). The method used by Atmospheric Composition Analysis 

Group at Dalhousie University to estimate PM2.5 concentrations is explained in the following 

sections and follows the methodology of van Donkelaar et al. (2015). 

http://fizz.phys.dal.ca/~atmos/martin/
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3.2.1 Calibration of retrieved and simulated Aerosol Optical Depth  

Remotely sensed data from NASA’s MODIS (MODerate resolution Imaging Spectroradiometer), 

MISR (Multi-angle Imaging SpectroRadiometer) and SeaWIFS (Sea-viewing Wide Field-of-view 

Sensor) instruments were used in the retrieval of the Aerosol Optical Depth (AOD). For the 

MODIS data, the Dark Target (DT) and Deep Blue (DB) retrieval algorithms were applied to 

retrieve AOD at 10 km resolutions. SeaWIFS AOD at 13.5 km resolutions was obtained using the 

DB algorithm. The MISR algorithm was applied to the MISR data to retrieve AOD at 17.6 km 

resolutions (van Donkelaar et al., 2016). The AOD retrievals from the different satellite platforms 

were then calibrated using observational data from the AERONET (Aerosol Robotic Network) sun 

photometer global network so as to create a globally continuous AOD field on 10 km x 10 km 

grids. 

Additional AOD was simulated using the GEOS-Chem chemical transport model. A vertical bias 

correction was applied to this simulated AOD using CALIOP aerosol extinction vertical profiles. 

Similar to the AOD retrievals, the simulated AOD was also calibrated using AERONET 

observations. The GEOS-Chem chemical transport model was then used to simulate the spatially 

varying geophysical relationship between AOD and PM2.5 (van Donkelaar et al., 2015). 

3.2.2 Estimation of PM2.5 using retrieved and simulated AOD 

Based on the simulated AOD-PM2.5 relationships, simulated AOD and AOD retrievals from the 

satellite instruments were used to estimate global PM2.5 concentrations. These estimated PM2.5 

concentrations (from simulated and retrieved AOD) were then combined through the use of a 

weighted mean (van Donkelaar et al., 2015). 

3.2.3 Globally corrected PM2.5 estimates  

Global adjustments to these PM2.5 estimations were made by applying a Geographically Weighted 

Regression (GWR) model based on PM2.5 data from ground observations across the globe. This 

model takes into account spatial variations of predictor coefficients by assigning weights to 

estimate-observation pairs at various geographic locations based on their inverse-squared 

distance from individual points of interest (van Donkelaar et al., 2016). The predictors used for 

the GWR include urban land cover, sub-grid elevation difference and aerosol composition. These 

adjusted PM2.5 estimations are then were interpolated onto 1 km x 1 km grids. 

3.3 Objective 2: To identify the sources contributing to particulate matter loading in low-

income settlements of the Vaal Triangle Priority Area 

The article sought to identify the sources that contribute to PM loading in the VTAPA through 

receptor modelling. The procedure used in this study is described in the sections to follow. 
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3.3.1 Instrumentation 

The MCZ (MicroPNS Type Dichoto LVS16, Umwelttechnik MCZ GmbH, Bad Nauheim, Germany) 

dichotomous low volume sampler (Figure 3-2) is an automated dual-filter air sampler for the 

simultaneous and sequential collection of PM in the coarse and fine fraction. Found on the 

sampler are a PM10 sampling head, a virtual impactor and two separate mass flow controlled gas 

streams for coarse particles (15 L/min) and fine particles (1.7 L/min). This split flow structure of 

the virtual impactor allows a PM10 aerosol to be separated into the coarse and fine fraction for 

subsequent collection onto two separate membrane filters with a diameter of 47 mm. The sampler 

allows for the holding of 32 filter cartridges, 16 in the coarse fraction compartment and 16 in the 

fine fraction compartment. 

 

Figure 3-2 Internal and external structure of an MCZ dichotomous low volume sampler. 

3.3.2 Sampling strategy 

The MCZ dichotomous low volume sampler was used to sample ambient PM concentrations. 

Samples were collected daily at 12-hour intervals (between 10:00 AM and 10:00 PM and between 

10:00 PM and 10:00 AM) using pre-weighed 47 mm Teflon filters with a pore size of 2 μm. A lag 

time of one minute between sampling periods was set to allow the sampler to sequentially change 

samples from the exposed filter to the next filter in line. Sampling was carried out for 16 days in 

summer, winter and spring 2018 (Table 3-1). Upon completion of sampling, exposed Teflon filters 

were reweighed and elemental, and ionic analyses were carried out on them. The results obtained 
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from these analyses were then fed into the PMF receptor model so as to determine the sources 

contributing to PM loading in the VTAPA.  

Table 3-1 Dates on which campaigns were conducted at the sampling sites. 

Season Sampling dates 

Summer 28 February 2018 to 21 March 2018 

Winter 20 June 2018 to 6 July 2018 

Spring 13 September 2018 to 3 October 2018 

  

3.3.3 Local source profile development 

Fugitive dust is a significant source of ambient PM whose composition can vary across space. As 

a result, it is necessary to characterise site-specific profiles. Soil samples were collected at 25 

sites in the VTAPA (Figure 3-3), in triplicate, from 9 May 2017 to 25 May 2017. Table 3-2 gives a 

summary of the sampling locations and source categories.  

Table 3-2 Location and description of the soil grab sampling sites. 

Point Sampling area Description Eastings Southings 

1 Nancefield train station, 
Klipspruit 

Footpath (gravel road) close to driving 
school 

27,9069 -26,2523 

2 Between Orlando and 
Diepkloof East 

Football pitch devoid of grass  27,9344 -26,2467 

3 Diepkloof Zone Luvhuvhu 
Street 

Open space 27,9399 -26,2457 

4 Diepkloof Zone Point 4  Open space close to shops 27,9512 -26,2411 

5 Kliprivier Business park Truck stopping spot (parking lot) 28,0688 -26,4165 

6  Kliprivier walking path Footpath (gravel road) close to 
industries 

28,0820 -26,4183 

7 Meyerton Park  Open space close to shops 27,9955 -26,5584 

8 Three Rivers East Unpaved road shoulder 28,0092 -26,6567 

9 Three Rivers, Almond 
Street 

Open space 27,9956 -26,6558 

10 Three Rivers, Poplar 
Street 

Open space 27,9885 -26,6581 

11 Three Rivers, Palm 
Street 

Footpath (gravel road)  27,9816 -26,6511 

12 Zamdela Phase 3, 
Kgotsong 

Unpaved road 27,8569 -26,8672 

13 Zamdela Phase 3, Iraq Unpaved road 27,8591 -26,8696 

14 Zamdela Phase4, Iraq Unpaved road 27,8707 -26,8701 

15 Zamdela Phase1, Iraq Unpaved road 27,8745 -26,8622 

16  Zamdela paved road Paved road 27,8482 -26,8465 

17 Somerspost Street, 
Zamdela, 1949 

Paved road 27,8548 -26,8449 

18 Sharpeville, Dubula Drive Open space 27,8713 -26,6912 

19 Sharpeville, Lebowa 
Primary School  

Unpaved road 27,8798 -26,6886 
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Point Sampling area Description Eastings Southings 

20 Sharpeville, Rooistein 
Street 

Unpaved road 27,8763 -26,6851 

21 Sharpeville, Seliba 
Primary School 

Unpaved road shoulder close to a 
school entrance 

27,8799 -26,6828 

22 Evaton, Kanana informal 
settlement 

Unpaved road 27,8334 -26,5514 

23 Sebokeng, 111732 
Nguna Street 

Unpaved sideways along houses 27,8685 -26,5536 

24 Sebokeng, Mantanzima 
Street 

Unpaved road 27,8482 -26,5641 

25 Sebokeng, Nwetla Street Unpaved road 27,8440 -26,5775 

     

Surface soils were collected at depths of 10–20 mm using a garden trowel. For paved and 

unpaved surfaces loose surface material was swept onto a dustpan using a clean hard stifled 

brush. Each time a sample was collected, the sampling equipment was cleaned so as to avoid 

sample contamination. Samples collected were put in labelled polyethylene zipper locking bags.  

In the laboratory, samples were sieved using 707, 105, 74, and 44 μm mesh sieves in preparation 

to be sampled in a resuspension chamber. In the resuspension chamber, each sieved sample 

(100 mg) was scattered and suspended by blowing clean filtered air (at a flow rate of 33.33 L/min) 

into the chamber for 3 minutes. The suspended material was then sampled for 20 minutes through 

size-selective inlets (PM10-2.5 and PM2.5) and collected onto pre-weighed Teflon (pore size of 2 μm) 

membrane filters of 47 mm in diameter The operating flow rates for the sampling inlets were 

determined based on the cyclone specifications, with both PM10-2.5 and PM2.5 inlets having flow 

rates of 16.67 L/min.  

Exposed filters were weighed again so as to determine their mass concentrations. These filters 

were then chemically analysed to determine their elemental and ionic compositions. The chemical 

profiles obtained from these filters were then used to assist in identifying PM sources based on 

output results from the PMF receptor model. 



 

30 

 

Figure 3-3 Map showing the location of the soil grab sampling sites in the VTAPA. 

3.3.4 Chemical analyses 

3.3.4.1 X-Ray Fluorescence 

 The X-Ray Fluorescence (XRF) analytical technique was utilized to determine the composition 

and concentration of trace elements in the exposed Teflon filter samples. A PANalytical AxiosmaX 

wavelength dispersive x-ray fluorescence spectrometer (WD-XRF) was used to carry out this 

analysis. This spectrometer consists of a rhodium x-ray tube with a 4 kW generator. Seven trays 

each with the capability to hold eight 37mm stainless steel sample cups are also attached to the 

instrument.  

Aerosol samples were placed in filter holders and put into the 37mm stainless steel sample cups. 

These samples are then analysed by being exposed to an excitation condition in which x-rays 

produced from the spectrometer interact with atoms in the specimen leading to the ejection of 

electrons in the inner shells (Research Triangle Institute, 2009). Outer shell electrons will then 

move to occupy the vacant inner shells and in the process x-rays characteristic of the element 

found in the sample are emitted and detected by the spectrometer (Figure 3-4). The following 

elements were analysed using the spectrometer: Li, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, 
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Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Pd, Ag, Cd, In, Sn, Sb, I, Cs, Ba, 

Ce, W, Pt, Au, Hg, Tl, Pb, and Bi. 

 

Figure 3-4 Analytical design of the wavelength dispersive x-ray fluorescence spectrometer 

(Adapted from Willis et al., 2014) 

3.3.4.2 Ion Chromatography 

Ion Chromatography (IC) was used to determine the composition and concentration of ionic 

chemical species on the exposed Teflon filters. A Dionex ICS-3000 IC system consisting of two 

flow lines was used for IC analysis. One flow line was used for the detection of anion species and 

the other flow line to detect cation species. Before IC analysis commenced, the filter samples 

were leached in 10 ml de-ionised water in an ultrasonic bath for 30 minutes. Certified stock 

solutions obtained from Industrial Analytical was used in the preparation of five standards, ranging 

from 20 ppb – 500 ppb. Filter samples were then analysed for the following water-soluble ionic 

species: F─, Cl─, SO4
2─, NO3

─, CH3COO─, HCOO─, C3H5O2
─, C2O4

2─, Na+, NH4
+, K+, Mg2+ and 

Ca2+. Detection limits were calculated by using several laboratory blanks. In order to avoid 

contamination, this procedure was conducted in a stabilised room. The components for the 

Dionex ICS-3000 IC system and the concentration profiles for the anionic and cationic species 

are respectively illustrated in Table 3-3 and Table 3-4 below: 
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Table 3-3 A summary of the Dionex ICS-3000 IC system components utilised in the chemical 

analysis of the exposed filter samples 

 Anions Cations 

Analytical Column IonPak™ AS-15 4x250 mm IonPak™ CS-15 3x250 mm 

Guard Column IonPak™ AG-15 4x50 mm IonPak™ CG-15 3x50 mm 

Loop Size (µL) 500 100 

Suppressor AERS 500 4 mm CERS 500 2 mm 

Carbonate Removal Device CRD 200 4 mm None 

Detector Conductivity Conductivity 

Eluent KOH (Potassium Hydroxide) MSA (Methane Sulphonic Acid) 

Auto sampler Dionex AS-DV Dionex AS-DV 

   

Table 3-4 The concentration profiles and suppressor currents used for the analysis of water-

soluble ionic aerosol species 

Anions (99mA) 

Multistep concentration profile 

Cations (30mA) 

Isocratic concentration profile 

Time = 0.00 min 5 mm Time = 0.00 min 22.5 mm 

Time = 15.00 min 5 mm Time = 50.00 min 22.5 mm 

Time = 17.00 min 40 mm   

Time = 40.00 min 40 mm   

Time = 42.50 min 5 mm   

Time = 50.00 min 5 mm   

 

3.4 Objective 3: To assess the potential impacts of emission reduction strategies on air 

quality in the Vaal Triangle Priority Area 

This article explored emission pathways under different management scenarios for the VTAPA. 

The GAINS model was used to identify a set of emission reduction strategies that when applied 

over time, could effectively reduce PM2.5 concentrations to within national ambient air quality 

standards. The implementation costs for these mitigation strategies were calculated in GAINS. In 

order to determine the air quality and human health effects of reductions under different emission 

management scenarios, PM2.5 concentration data was required. The GAINS emissions modelling 

procedure is briefly explained in this chapter. A more detailed description of the GAINS model 

methodology outlining the scenario design, implementation cost and health effects calculations is 

given in Section 6.2.2. Dispersion modelling for the GAINS model analysis was performed 

exogenously and the procedure used for the model simulations is outlined in detail in the 

subsequent sections. 
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3.4.1 Emissions modelling 

The GAINS model was used to model emissions for the VTAPA for the period 2015 – 2035. This 

model requires energy and non-related energy activity data as input to generate emissions. 

However, the data available for the VTAPA is incomplete. Therefore, input data for the GAINS 

model was collected from three sources which include, (i) the Gauteng energy use data from the 

University of Stuttgart’s Institute for Energy Economics and the Rational Use of Energy 

(Tomaschek et al., 2012), (ii) South Africa provincial energy use data from the University of Cape 

Town’s Energy Research Centre (Energy Research Centre, 2018) and, (iii) waste generation data 

from the Gauteng waste information system (Gauteng Department of Agriculture and Rural 

Development, 2018). Data from the University of Stuttgart’s Institute for Energy Economics and 

the Rational Use of Energy was gathered from national statistics, e.g. fuel sales, electricity sales, 

economic output and employment figures. Data from the University of Cape Town’s Energy 

Research Centre was compiled from various energy statistics. This energy data from the three 

sources were arranged into the GAINS model data template, uploaded to the GAINS model from 

which emissions of PM2.5, SO2 and NOX for the VTAPA were generated. 

3.4.2 Dispersion simulations 

Regulations pertaining to dispersion modelling in South Africa recommend a number of models 

that can be used to monitor compliance (South Africa, 2014). Selection of the appropriate model 

to be used is determined by the scope, purpose and the level of assessment required by the 

study. In regards to the level of assessment, the tiered approach based on South African Draft 

Regulations Regarding Air Dispersion Modelling (Notice 1035 of 2012 in terms of NEMAQA (Act 

No. 39 of 2004) is used (South Africa, 2014). Level 1 assessments give estimations of air quality 

impacts based on a worst-case scenario. Level 2 assessments are required for situations where 

spatial and temporal distributions of pollutant concentrations and depositions need to be 

assessed. Level 3 assessments are more complex as they take into account irregular plume 

trajectories, variations in turbulent mixing, various source types and chemical transformation. 

For this study, simulations were done using the Department of Environmental Affairs (DEA) 

recommended US-EPA approved CALMET/CALPUFF dispersion model as it supports Level 3 

assessments. CALPUFF is a multi-layer, multi-species, non-steady-state Lagrangian Gaussian 

puff model that can simulate the spatial and temporal varying effects of meteorological conditions 

on pollutant transportation, transformation, and removal (Scire et al., 2000). CALPUFF has the 

capability to simulate dispersal of pollutants over a large region taking into account chemical 

transformations that primary pollutants may undergo (Rood, 2014). The CALPUFF model consists 

of three main modules: CALMET, which is a meteorological pre-processing model, the CALPUFF 

dispersion model and CALPOST, which is a post-processing model. 
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CALMET is a diagnostic meteorological model that provides parameterised treatments of terrain 

effects (which include slope flows, terrain channelling and kinematic effects) that account for 

variations wind patterns (Whitford, 2009). Three-dimensional meteorological fields are generated 

in CALMET and are then used in CALPUFF for the advection of puffs containing material emitted 

from modelled sources (Rood, 2014). CALPOST is used to compute time-averaged 

concentrations and deposition fluxes based on CALPUFF outputs. Figure 3-5 gives an overview 

of the CALPUFF modelling procedure. 

 

Figure 3-5: Overview of the CALPUFF modelling process (Source: Scire et al., 2000). 

3.4.3 CALMET modelling 

The CALMET modelling domain for the VTAPA was 200 km by 200 km with a horizontal grid 

resolution of 1 km x 1 km (Figure 3-6). The modelling domain covered the entire VTAPA and most 

of the Gauteng region. The Universe Transverse Mercator (UTM) coordinate system was used 

for the VTAPA modelling domain. CALMET was run for three consecutive years in one model run 

(January 2014 to December 2016). 
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Figure 3-6 CALPUFF modelling grid domain for the VTAPA. 

3.4.4 CALPUFF modelling 

For this study, the CALPUFF version 7 was used to simulate the dispersion of the following 

pollutants: SO2, SO4, NOx, ammonium nitrate (NH4NO3), NO3 and PM2.5. The choice of pollutants 

is based on the Mesopuff-II chemical transformation scheme. The model settings used in 

CALPUFF are detailed in Table 3-5. Central points of the 2011 South African census data small 

area level geographic units were used as discrete receptors in the model domain. Point locations 

for the monitoring stations found within the VTAPA were also used as receptors for ground-

truthing purposes. In order to determine the individual contribution of each emission source type, 

sources were modelled separately in CALPUFF. 

Table 3-5 Model settings used for running the CALPUFF dispersion model. 

Variable Model option utilised 

Map projection WGS-84 UTM Global coverage 

Chemical transformation scheme MESOPUFF 2 Scheme 

Night-time conversion rates (percent/hour) SO2  = 0.2, NOx loss rate = 2, HNO3 formation 
rate = 2.0 

Wind speed profile ISC Rural 
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Variable Model option utilised 

Plume rise Stack-tip downwash, Transitional plume rise, 

and partial plume penetration modelled 

Plume element Puff 

Dispersion option Dispersion coefficients use turbulence 
computed from micro-meteorology 

Terrain effects Terrain adjustment method applied to gridded 
and discrete receptors - partial plume path 
adjustment 

  

3.4.5 Post-processing 

CALPOST version 7.1.0 was used to estimate the time-averaged concentrations for the six 

pollutants modelled in CALPUFF. CALSUM version 7.0.0 was used to sum the individual 

contributions of each emission source type.  

3.4.6 Model evaluation 

CALPUFF simulations for the reference year (2015) were evaluated by comparing modelled 

values with annual averages from six national monitoring stations in the VTAPA. These stations 

are Diepkloof, Kliprivier, Sebokeng, Sharpeville, Three Rivers and Zamdela. According to U.S. 

EPA, CALPUFF predictions tend to have a better correlation with observations when modelled 

values are within a factor of 2 of the observations (Table 3-6). As shown in Table 3-6 modelled 

values of five stations have a reasonable agreement with actual monitoring values. The large 

deviation from the observed value exhibited at the Diepkloof site could be as a result of inherent 

uncertainties related to the random nature of the atmosphere and its representation by the WRF 

model (US EPA, 2005). These inherent uncertainties can lead to a ±50% deviation from measured 

concentrations. 

Table 3-6 Comparison of simulated concentrations by CALPUFF and monitoring 

concentrations in the VTAPA 

Station Modelled PM2.5 (µg/m3) Observed PM2.5 (µg/m3) Ratio 

Diepkloof 53 21 2.5 

Kliprivier 32 35 0.9 

Sebokeng 31 29 1.1 

Sharpeville 31 36 0.9 

Three Rivers 32 26 1.2 

Zamdela 34 30 1.1 
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CHAPTER 4   EVALUATING THE POTENTIAL OF REMOTE SENSING 
IMAGERY IN MAPPING GROUND-LEVEL FINE PARTICULATE 
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AREA 

 Journal article - Preface 

Author list, contributions and consent  

L. Muyemeki1, S. J. Piketh1 and R. Burger1 

1 Unit for Environmental Sciences and Management, North-West University, Potchefstroom 

Campus, Potchefstroom, 2520, South Africa 

The majority of the work was conducted by the first author, L. Muyemeki, who was responsible 

for data processing, analysis, interpretation, and writing the manuscript. Co-author contributions 

were as follows: S. J. Piketh and R. Burger supervised the study and assisted in interpretation of 

data and writing the manuscript.  

The author has been given written permission to submit the manuscript for degree purposes (see 

Annexure II). 

Formatting and status of the article 

The article was configured according to the journal requirements of the Clean Air Journal; to which 

it was submitted. The article is presented in the style, format and length stipulated by the journal. 

The guide for authors used in the preparation of the article is available at 

https://journals.assaf.org.za/index.php/caj/about/submissions. The article is currently (March 

2020) in the review process. 

Thesis objective addressed: To explore the spatial variations and temporal trends of 

particulate matter concentrations in the Vaal Triangle Airshed Priority Area 

Air quality decisions are made based on reliable monitoring data. These data are used in 

assessing compliance with regulatory ambient air quality standards and to evaluate the 

effectiveness of emissions mitigation strategies. In South Africa, air quality monitoring is 

conducted using ground-based instrumentation which due to limited financial resources are 

placed in areas of poor air quality. Although ground-based measurements have high accuracy, 

air quality monitoring stations are sparsely distributed within South Africa. This results in 

monitoring data being spatially under-represented. Satellite remote sensing offers the opportunity 

to monitor air quality over large scales. Due to their broad coverage and fine spatial resolutions, 

satellite observations can be used to provide a better understanding of the regional distribution of 

air pollutants. This technology can be used to complement ground-based measurements. In this 

https://journals.assaf.org.za/index.php/caj/about/submissions
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regard, this article seeks to evaluate the potential of using satellite remote sensing in monitoring 

the spatial and temporal variations of PM2.5 concentrations in the VTAPA. 

Abstract 

The quality of air breathed in South Africa is of great concern, especially in industrialised regions 

where PM2.5 concentrations are high. Long term exposure to PM2.5 is associated with serious 

adverse health impacts. Traditionally, PM2.5 is monitored by a network of ground-based 

instruments. However, the coverage of monitoring networks in South Africa is not dense enough 

to fully capture the spatial variability of PM2.5 concentrations. This study explored whether satellite 

remote sensing could offer a viable alternative to ground-based monitoring. Using an eight-year 

record (2009 to 2016) of satellite retrievals (MODIS, MISR and SeaWIFS) for PM2.5 

concentrations, spatial variations and temporal trends for PM2.5 are evaluated for the Vaal Triangle 

Airshed Priority Area (VTAPA). Results are compared to corresponding measurements from the 

VTAPA surface monitoring stations. High PM2.5 concentrations were clustered around the centre 

and towards the south-west of the VTAPA over the highly industrialised cities of Vanderbijlpark 

and Sasolburg. Satellite retrievals tended to overestimate PM2.5 concentrations. Overall, there 

was a poor spatial agreement between satellite-retrieved PM2.5 estimates and ground-level PM2.5 

measurements. Root mean square error values ranged from 6 to 11 µg/m3 and from -0.89 to 0.32 

for the correlation coefficient. For satellite remote sensing to be effectively exploited for air quality 

assessments in the VTAPA and elsewhere, further research to improve the precision and 

accuracy of satellite-retrieved PM2.5 is required. 
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Evaluating the potential of remote sensing imagery in mapping ground-level fine 

particulate matter (PM2.5) for the Vaal Triangle Airshed Priority Area 

4.1 Introduction 

 At a global scale, air pollution is ranked fourth amongst the leading risk factors to human health, 

with recent estimates linking it to nearly 5 million premature deaths (Stanaway et al., 2018; Health 

Effects Institute, 2019). In sub-Saharan Africa, particularly in the urban areas, the deterioration in 

air quality as a result of rapid urbanisation, population growth and industrial expansion is evident 

(Amegah & Agyei-Mensah, 2017; Fayiga, Ipinmoroti, & Chirenje, 2018). Of great concern to public 

health, are the levels of fine particulate matter (PM2.5) in the cities of sub-Saharan Africa, which 

are amongst the highest in the world (Fayiga et al., 2018; Katoto et al., 2019). Long-term exposure 

to high levels of PM2.5 is harmful to humans as it can lead to increased severity in the symptoms 

of asthma and chronic obstructive pulmonary disease (Guaita et al., 2011; Feng et al., 2016; 

Hamanaka & Mutlu, 2018; Loxham & Nieuwenhuijsen, 2019). 

In South Africa, air pollution is an important issue, especially in industrialised regions like the Vaal 

Triangle Airshed Priority Area (VTAPA) where strong economic growth has taken place (Naiker 

et al., 2012; Zhu et al., 2012). The VTAPA routinely experiences poor air quality as a result of 

strong emissions from industries, residential burning, vehicles and fugitive dust sources coupled 

with unfavourable meteorological conditions that have led to the accumulation of PM2.5 in high 

concentrations (Annegarn & Scorgie, 1997; Scorgie et al., 2003). To improve air quality and public 

health in the VTAPA, the Department of Environmental Affairs (DEA) developed an air quality 

management plan that outlined strategies to reduce emissions from key sources (South Africa, 

2009; Tshehla & Wright, 2019). Furthermore, air quality monitoring stations were placed in areas 

in the VTAPA where National Ambient Air Quality Standards (NAAQS) are being exceeded. This 

is so as to assess pollution trends and to ascertain whether concentrations of PM2.5 and other 

pollutants are being kept within the regulatory limits (Ngcukana, 2016; Altieri & Keen, 2019). 

However, the main drawback with these monitoring stations is that they only provide concentration 

data at specific points, leaving large areas uncovered (Engel-Cox et al., 2004; Tian & Chen, 2010; 

Hu et al., 2014). Intra-urban variability of PM2.5 concentrations is therefore not accounted for. In 

order to capture the full-scale variability of PM2.5 concentrations in the VTAPA, there is need for 

a vast network of monitoring stations. However, this requires large financial resources (Munir et 

al., 2016). 

Satellite remote sensing can provide repeated observations of atmospheric pollution at large 

spatial scales. The monitoring of air pollutants using satellite observations is gradually gaining 

more attention in atmospheric pollution studies (Duncan et al., 2014; Hersey et al., 2015; Di et al., 
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2019; Yi et al., 2019; She et al., 2020). Advancements in regional algorithms have allowed for the 

large scale retrieval of PM2.5 concentrations at fine spatial resolutions that have a reasonable 

agreement with ground measurements (van Donkelaar et al., 2015; van Donkelaar et al., 2016). 

These retrievals have been successfully used to assess long term spatial-temporal patterns of 

PM2.5 in regions experiencing poor air quality such as China and Saudi Arabia (Lu et al., 2017; 

Munir et al., 2016; Shi et al., 2012). In the case of South Africa, knowledge on the applicability of 

remote sensing to monitor air pollution levels is insufficient. A regional case study by Kneen et al. 

(2016) revealed that satellite technology has the potential to offer a practical and credible option 

to ground-based monitoring in South Africa. However, further investigation is still required in order 

to have more concrete evidence to advocate the use of remote sensing for air quality monitoring 

in South Africa. This study evaluated the potential use of remote sensing imagery for air quality 

assessment in the VTAPA using a publicly available high resolution remotely sensed PM2.5 

concentration global dataset developed by van Donkelaar et al. (2015). This dataset begins in 

1998 and ends in 2016. Spatial variations in PM2.5 concentrations were examined, and temporal 

trends were explored.  

4.2 Methods 

4.2.1 Study region 

The VTAPA is an industrialised region lying on the South African Highveld, a high central plateau 

of South Africa that forms part of the grassland biome. It stretches from southern Gauteng down 

to the northern section of the Free State province with an area of over 4 900 km2. The region is 

host to industries including iron and steel manufacturers (ArcelorMittal steel and Davesteel), 

FerroAlloy (Samancor Metalloys) and petrochemical companies (Sasol Chemical Industries, 

Natref and Omnia Fertilisers). Eskom’s Lethabo coal-fired power station is located in this region. 

The VTAPA has a population of 3.1 million people with most of its inhabitants residing in south-

western Johannesburg, Soweto, Sebokeng, Sharpeville, Vereeniging, Vanderbijlpark, Sasolburg 

and Zamdela. 

4.2.2 Satellite-derived data 

Global satellite-derived PM2.5 concentration data with a high spatial resolution (1 km x 1 km) 

covering a 10-year period from 2007 to 2016 was obtained from the Atmospheric Composition 

Analysis Group of Dalhousie University (http://fizz.phys.dal.ca/~atmos/martin/). This global 

dataset was generated by merging satellite retrievals of AOD (Aerosol Optical Depth) from the 

NASA MODIS (MODerate resolution Imaging Spectroradiometer), MISR (Multi-angle Imaging 

SpectroRadiometer) and SeaWIFS (Sea-viewing Wide Field-of-view Sensor) instruments with 

http://fizz.phys.dal.ca/~atmos/martin/
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AOD simulated using the GEOS-Chem chemical transport model in order to produce PM2.5 

estimates (van Donkelaar et al., 2016). The PM2.5 estimates were then calibrated by means of a 

Geographically Weighted Regression (GWR) based on ground observations (van Donkelaar et 

al., 2015). These estimations have a good agreement with 210 ground-based PM2.5 observations 

(R2 = 0.81, slope of 0.82) from the United States of America, Canada and Europe.  

Based on previous research, uncertainty may exist in the global PM2.5 data as a result of the 

satellite retrieval method (van Donkelaar et al., 2015). Existing studies have resolved this by 

applying a three-year average as an annual average (Han et al., 2015; Peng et al., 2016; Shisong 

et al., 2018). For this research, three-year moving averages were applied to the satellite retrievals 

from the period 2009 to 2016. A subset of the global PM2.5 dataset for each year was extracted 

to cover the VTAPA study area using the Integrated Land and Water Information System (ILWIS) 

program (ITC, 2011). At each point location of the ground monitoring sites, the mean values of a 

square of 3 × 3 pixels (3 km × 3 km area) were extracted from the satellite retrievals. 

4.2.3 Ground measured data 

The VTAPA air quality monitoring network consists of six stations (Figure 4-1), which are located 

in Diepkloof (26.2507S, 27.9564E), Kliprivier (26.4203S, 28.0849E), Sebokeng (26.5878S, 

27.8402E), Sharpeville (26.6898S, 27.8678E), Three Rivers (26.6583S, 27.9982E) and Zamdela 

(26.8449S, 27.8551E) and have been operational since 2007. Based on the simulated spatial 

distribution of air pollutants from dispersion modelling these monitoring stations, except for 

Kliprivier, are considered to be located in high PM10 concentration zones (Thomas, 2008; 

Department of Environmental Affairs and Tourism, 2009; Ngcukana, 2016). Hourly PM2.5 

concentration data (2007–2016) for all the VTAPA monitoring sites except for Diepkloof (data is 

incomplete) was acquired from the South African Air Quality Information System (SAAQIS). 

Although the data were provided in a quality-controlled form, further quality checks were 

conducted to remove negative values. For consistency with the satellite retrievals, three-year 

moving averages were also applied to the ground PM2.5 concentration data from the period 2009 

to 2016. 

4.2.4 Satellite retrieval accuracy assessment 

Satellite retrievals for PM2.5 were compared with the ground measurements from all monitoring 

stations for the period 2009 to 2016 using the following performance evaluation metrics: root 

mean square error (RMSE) and correlation coefficient (R). These statistics were computed in R 

statistical software using the modstat function in the Open Air package (Carslaw & Ropkins, 

2012). 



 

42 

 

Figure 4-1: Study area map showing the location of the VTAPA in South Africa.  

4.3 Results and discussion 

4.3.1 Comparison of temporal variations between satellite-retrieved and ground 

measured PM2.5 concentrations 

Comparisons between satellite-retrieved and ground measured PM2.5 concentrations (three-year 

moving averages) for the six monitoring stations in the VTAPA for the period 2009–2016 are 

shown in Figure 4-2. It can be observed that in three cases, there was an overestimation of 

observed PM2.5 concentrations by the satellite retrievals. The exceptions were for the Kliprivier 

and Sebokeng stations, where ground measurements were much higher than the satellite-

retrieved estimates. Both satellite retrievals and ground measurements showed that PM2.5 

concentrations for all sites were above the annual National Ambient Air Quality Standards 

(NAAQS). 
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Figure 4-2: Comparisons between satellite-retrieved and ground measured PM2.5 

concentrations at Kliprivier, Sebokeng, Sharpeville, Zamdela and Three Rivers 

stations from 2009 to 2016. 

Figure 4-3 shows the eight-year averages for satellite-retrieved and ground observed PM2.5 

concentrations at all stations. The Sharpeville station had the smallest offsets with a difference of 

0.7 µg/m3 between observed measurements and estimates retrieved from satellite imagery. Fairly 

high offsets are observed for the Sebokeng (-4 µg/m3), Zamdela (5 µg/m3) and Klipriver (-6 µg/m3) 

stations. The performance of the satellite retrieved model is less encouraging for the Three Rivers 

station that has a considerably large offset of 10 µg/m3. 
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Figure 4-3: Comparison of the ground measured and satellite-retrieved 8-year averaged 

PM2.5 concentrations at low-income settlements (Kliprivier, Sebokeng, 

Sharpeville, and Zamdela) and suburban area (Three Rivers). 

The clustering of air quality monitoring stations in areas deemed to be experiencing pollution 

concentrations above national air quality guidelines could have contributed to the constant 

overestimation of PM2.5 concentrations throughout the VTAPA. The location of monitoring stations 

in the VTAPA includes domestic coal-burning suburbs and a busy highway intersection. This lack 

of spatial representation will lead to mainly high values being used in the calibration of PM2.5 

estimates in the GWR model. Therefore, in order to improve the accuracy of the GWR model for 

satellite retrievals, the positioning of ground-based stations in South Africa needs to be optimised 

so as to have monitoring data that is more spatially representative.  

The relationship between AOD and PM2.5 is an important source of uncertainty in satellite retrieval 

accuracy as the AOD-PM2.5 relationship can vary across space and countries. This spatial and 

temporal variation in the relation between AOD and PM2.5 is mainly as a result of changes in the 

vertical distribution of aerosols in the atmosphere (Stirnberg et al., 2018). This could have 

contributed to some of the inconsistencies between ground measured and satellite-derived PM2.5 

concentrations for the VTAPA. There is a need for an independent assessment of the AOD-PM2.5 

relationship through an integrated monitoring strategy like SPARTAN (Surface PARTiculate 

mAtter Network) in which PM2.5 monitoring instruments are collocated with ground-based sun 
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photometers for AOD measurements (Snider et al., 2015). This will help in evaluating AOD-PM2.5 

model accuracy and enhance PM2.5 estimates from satellite AOD retrievals. 

4.3.2 Satellite retrieval performance evaluation 

Statistical comparisons between satellite-retrievals and ground measurements show that RMSE 

values ranged from 5 to 10 µg/m3, with an average of 8 µg/m3, indicating a significant difference 

between ground measured and satellite-retrieved PM2.5 values (Table 4-1). R values for the years 

2009–2012 ranged from -0.76 to -0.90, demonstrating strong negative correlations between 

satellite retrievals and ground-based measurements. These inverse relationships, however, do 

not imply a good agreement between satellite-retrieved PM2.5 estimates and ground-level PM2.5 

measurements. R values from the period 2013 to 2016, displayed weak correlations between 

ground measured and satellite-retrieved PM2.5 concentrations.  

 

Table 4-1: PM2.5 satellite retrieval performance evaluation for the period 2009 ─ 2016. 

Year RMSE (µg/m3) R 

2009 7 -0.76 

2010 9 -0.89 

2011 10 -0.90 

2012 9 -0.89 

2013 6 -0.23 

2014 5 -0.31 

2015 9 -0.31 

2016 10 -0.32 

   

4.3.3 Spatial variations of satellite-derived PM2.5 concentrations 

Variations in PM2.5 concentrations (three-year moving averages) over the VTAPA from 2009 to 

2016 are presented in Figure 4-4. The average PM2.5 concentrations in this region increased 

significantly by 25% from 33 µg/m3 in 2009 to 41 µg/m3 in 2016. This large increase took place 

mainly from 2015 to 2016, during which the highest concentrations (41 µg/m3–44 µg/m3) were 

observed in the VTAPA. The high PM2.5 concentrations from 2015 to 2016 could possibly be due 

to increased AOD resulting from changes in aerosol mass transport during the El Niño episodes 

experienced in South Africa. El Niño events can increase regional aerosol concentrations by 

altering atmospheric circulation systems which leads to changes in the transport and removal of 

aerosols (Yu et al., 2019). Wang et al., (2019) found a positive link between the El Niño Southern 

Oscillation (ENSO) index and PM2.5 concentrations in North China during the 2015/2016 El Niño 
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event. Mean PM2.5 concentrations in North China were significantly higher in 2015 (51 µg/m3–

95 µg/m3) as compared to 2017 (41 µg/m3–74 µg/m3). 

Similar spatial patterns for PM2.5 concentrations in the VTAPA are observed throughout the period 

(2009–2016) in which the area of highest PM pollution is concentrated around the centre and 

slightly down towards the south-western region of the VTAPA. These spatial patterns are 

comparable to those observed by Thomas (2008), who modelled PM10 concentrations in the 

VTAPA using a dispersion model. Due to the low dispersion potential of pollutants in the VTAPA, 

high PM2.5 concentrations are clustered in the central to south-west region over the cities of 

Vanderbijlpark and Sasolburg, where heavy industrial (iron and steel, ferroalloy and 

petrochemical) activities, domestic burning and mining operations are taking place. Spatial 

distributions for the VTAPA show that high PM2.5 concentrations are observed in the northern part 

of the area. The main sources for PM2.5 in this northern area are residential combustion from the 

Soweto township, vehicle emissions and windblown dust from gold mine dumps.  

 

Figure 4-4: Spatial distributions of annual PM2.5 concentrations in the VTAPA from 2009 to 

2016. 

4.4 Conclusion 

This study evaluated the potential value of satellite remote sensing as a viable alternative to PM2.5 

ground-based monitoring in the VTAPA. There was a poor agreement between satellite-retrieved 
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PM2.5 estimates and ground-level PM2.5 measurements. Satellite retrievals tended to overestimate 

PM2.5 concentrations resulting in inflated values throughout most of the VTAPA. In addition, the 

spatial resolution of the satellite retrievals is too coarse to provide useful spatial distribution 

information to fill the gaps in the sparse ground-based monitoring networks. For satellite remote 

sensing to be effectively exploited for air quality assessments in the VTAPA and elsewhere, 

further research to improve the precision and accuracy of satellite-retrieved PM2.5 is required. This 

includes an independent assessment of the relationship between AOD and PM2.5 in South Africa 

and the use of fine-scale satellite imagery such as Landsat (30m spatial resolution) for retrieving 

PM2.5 estimates instead of medium resolution images such as MODIS. 
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Chapter conclusion 

The objective of this paper is to explore the spatial variations and temporal trends of 

particulate matter concentrations in the Vaal Triangle Priority Area 

The main conclusions extracted from this study are: 

• For satellite remote sensing to be a more viable option in future air quality monitoring 

programs, efforts have to be made to improve on its precision and accuracy 

• Ground-based measurements reveal that air quality in the VTAPA is still a cause for 

concern as PM2.5 concentrations still remain above national ambient air quality limits. 

The next step in this study is to identify the sources contributing to the high PM2.5 concentrations 

present in VTAPA so as to determine which sources need to be given more attention during the 

design of an air quality plan. This objective is addressed in the following chapter. 
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Thesis objective addressed: To identify the sources contributing to particulate matter 

loading in low-income settlements of the Vaal Triangle Airshed Priority Area 

Airborne PM is one of the major pollutants found in the VTAPA. Exposure to high levels of PM 

can increase the risk to residents in the VTAPA experiencing cardiovascular and respiratory 

problems. In order to design control strategies that will effectively reduce ambient concentrations 

to within regulatory limits, quantitative information on air pollution sources which includes their 

compositions and contributions to PM loading is required. This information can be acquired 

through the use of source apportionment models. Source apportionment models are important 

tools that can improve the understanding of the link between PM source emissions, ambient 

concentrations and their associated health effects. This study, therefore, seeks to identify the 

main sources of PM loading in the VTAPA, with a special focus on low-income settlements which 

have the highest receptors vulnerable to the effects of air pollution. The results from this study 

https://www.elsevier.com/journals/atmospheric-pollution-research/1309-1042/guide-for-authors
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will assist in determining which ambient PM sources need to be given more priority during the 

drafting of an air quality plan. 

Abstract 

The Vaal triangle, like other priority areas in South Africa, has a worrying air pollution problem. A 

comprehensive understanding of particulate matter sources in the different size fractions will 

assist in the selection and implementation of appropriate air pollution control strategies. Aerosol 

samples in the coarse (PM10-2.5) and fine (PM2.5) fraction were collected for three seasons at four 

sites. Three of the study sites were located in densely populated low-income suburbs (Sebokeng, 

Sharpeville and Zamdela) and the fourth site was located in a low population density area 

(Kliprivier). The elemental and ionic compositions of these samples were used to identify and 

characterise the sources contributing to particulate loading. The results demonstrated that the 

highest seasonal median concentrations of PM10-2.5 (116 μg/m3) and PM2.5 (88 μg/m3) were 

observed in Sharpeville during the winter, and the lowest concentrations of PM10-2.5 and PM2.5 

were detected in the summer. At all sites, there was a high abundance of crustal elements in 

PM10-2.5 and a dominance of coal and biomass combustion-related elements in PM2.5. Eight 

sources of PM were identified using the Positive Matrix Factorization (PMF) receptor model. Dust 

related (33–55%) and secondary aerosols (17–20%) were the major contributing sources in PM10-

2.5. For PM2.5, contributions were predominantly from coal-burning (60%>) for Sebokeng and 

Sharpeville and from secondary aerosols (51–90%) for Kliprivier and Zamdela. 
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Updated PM10-2.5 and PM2.5 source apportionment for low-income settlements in the Vaal 

Triangle Airshed Priority Area, South Africa 

5.1 Introduction 

Over the past decades, South Africa has experienced strong economic growth, industrial 

expansion and rapid urbanisation. This has led to the emergence of cities characterised by high 

population densities and, high industrial and traffic activities. Air pollution is a serious 

environmental problem in these urban areas and has attracted widespread attention from the 

public as a result of its negative effects on humans (Amegah & Agyei-Mensah, 2017). Pollution 

from particulate matter (PM) is of primary concern in South Africa. Exposure to PM is the fourth 

leading human health risk factor and is linked to over 5 million premature deaths all over the world 

(Stanaway et al., 2018). Exposure to PM, especially PM2.5, over long periods is dangerous to 

humans as inhaled particles will penetrate deep into the lungs and increase the risk of morbidity 

and premature mortality due to cardiopulmonary diseases and lung cancer (Norman et al., 2007; 

Feng et al., 2016). Effective strategies are urgently needed to improve air quality and address the 

health risks associated with PM. Acquiring reliable and comprehensive information on the main 

sources of PM is the first key step required to achieve this (Thunis et al., 2019). 

Source apportionment is an air quality management tool that can provide statistical information 

about source contributions which is important in the formulation of mitigation strategies for PM 

(Zhu et al., 2018). Source apportionment air quality management includes three different 

approaches which include the Emission Reduction Impacts (ERI), Mass-Transfer (MT) and 

Incremental (INC) methods (Thunis et al., 2019). The ERI method is a form of sensitivity analysis 

that compares the difference in modelled concentration results based on the baseline emissions 

of a source to that based on reduced emissions of the same source (Thunis et al., 2018). This 

method is used for air quality simulations in the GAINS (Greenhouse Gas and Air Pollution 

Interactions and Synergies) model (Amann et al., 2011). MT involves the use of receptor models 

to identify and quantify emission sources based on multivariate statistical inference (Hopke, 

2016). The MT method is often used in source apportionment studies (Taiwo et al., 2014). The 

approach used in the INC involves calculating the difference in concentrations from a specific site 

that is influenced by a source with that from another site that is not influenced by the same source 

(Lenschow et al., 2001).  

Attempts have been made in South Africa to apportion sources and their contributions, however, 

a few studies have reported on PM sources (Mathuthu et al., 2019). Engelbrecht et al. (2002) 

used the Chemical Mass Balance (CMB) model to compare PM source contributions from 

residential coal and low-smoke fuels used in the township of Qalabotjha. The CMB model was 
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also applied to identify the PM sources contributing to air pollution in Kwadela township(van den 

Berg, 2015). Recently, Tshehla & Djolov (2018) used the Positive Matrix Factorization (PMF) 

receptor model to apportion PM sources in an industrialised rural area in the Limpopo province. 

A thorough understanding of the different compositions and contributions of PM will assist air 

quality planners in assigning precedence to key pollutant sources. 

In 2006 the Vaal Triangle was classified as an air pollution priority area due to public health 

concerns over the elevated levels of air pollution faced in this region (Department of 

Environmental Affairs, 2019). The major local sources found in the Vaal Triangle Airshed Priority 

Area (VTAPA) include industries, residential areas, vehicles, waste and windblown dust 

(Department of Environmental Affairs, 2018). These sources occur within proximity to one 

another. In 2009, an Air Quality Management Plan (AQMP), detailing possible intervention 

strategies for the VTAPA was published (Department of Environmental Affairs and Tourism, 

2009). The first 5-year cycle review of this AQMP in 2013 revealed that, despite efforts made, air 

pollutant concentrations were still above national ambient air quality standards (Department of 

Environmental Affairs, 2013). This was due to inadequate implementation of air quality controls 

(Department of Environmental Affairs, 2013). The second 5-year cycle of the VTAPA AQMP is 

currently in review. Target air quality limits still have not been met as daily, and annual average 

PM concentrations remain above the national standards (Department of Environmental Affairs, 

2019). A revised source apportionment study is required to establish an updated understanding 

of the current sources contributing to PM and identify opportunities for further emission reductions. 

This study, therefore, seeks to achieve the following objectives: (a) to explore the temporal and 

spatial variations of PM in the townships of the VTAPA; (b) to determine the elemental and ionic 

compositions of PM in the townships of the VTAPA, and (c) to identify and apportion the main 

sources contributing to PM pollution in the townships of the VTAPA. 

5.2 Material and methods 

5.2.1 Sampling sites 

The VTAPA is situated on the high central inland plateau of South Africa with terrain elevations 

ranging between 1300 and 1900masl. The VTAPA stretches from the southern Gauteng to the 

northern section of the Free State province. The land-use in this region includes commercial, 

industrial, residential and low-intensity agricultural activities, all situated within close vicinity to 

one another. Four sites in the VTAPA were selected for this study. These sites (Figure 5-1) were 

selected based on a baseline assessment that identified these sites as experiencing ambient PM 

concentrations above national air quality guidelines (Thomas, 2008). Sebokeng (26.5879S, 

27.8410E), Sharpeville (26.6810S, 27.8677E) and Zamdela (26.8449S, 27.8551E) sites are 
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situated inside densely populated low-income settlements, while Kliprivier (26.4203S, 28.0849E) 

site is in a low population density area. 

Sebokeng is a low-income settlement in the VTAPA. The main sources of emissions in the area 

include iron and steel processes at ArcelorMittal and Davsteel, commercial boilers, small 

industrial activities and domestic solid fuel burning. The low-income settlement of Sharpeville 

located between Vereeniging Central Business District and Vanderbijlpark. The dominant 

emissions sources in this area are domestic solid fuel burning and metallurgical industries which 

include ArcelorMittal and Davsteel. Zamdela is a low-income settlement situated close to the town 

of Sasolburg. The main sources of pollution of air pollution this area include Sasol Chemical 

Industries Complex, Natref, Omnia Fertiliser, Karbochem, Safripol and Sigma Colliery. Domestic 

fuel burning is also an important emission source in Zamdela. Kliprivier is a low-density region 

located on the boundary of the Midvaal Local Municipality and Ekurhuleni Metropolitan 

Municipality. Grasslands and cultivated commercial fields make up most of land use in the area. 

 

Figure 5-1: Study area map showing the location of the VTAPA in South Africa and the four 

sampling sites within the VTAPA. 

5.2.2 Sampling strategy 

Sampling was performed simultaneously at all of the sites for 16 days, in summer (February-

March 2018), winter (June-July, 2018) and spring (September-October, 2018). Dichotomous low 

volume samplers (MicroPNS Type Dichoto LVS16, Umwelttechnik MCZ GmbH, Bad Nauheim, 

Germany) with split-flow rates of 1.7 L/min (for fine particles) and 15 L/min (for coarse particles) 
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were employed for the simultaneous and sequential collection of particulate matter in the fine 

(PM2.5) and coarse (PM10-2.5) fraction on Teflon filter membranes. Two consecutive continuous 12-

hour samples for each size fraction were collected daily to enable comparisons between day 

(10:00 AM—10:00 PM) and night concentrations (10:00 PM—10:00 AM). In total, 768 Teflon filters 

were sampled for the entire campaign. Soil samples for different source categories were also 

acquired from different locations across the VTAPA. These samples were sieved, resuspended 

and analysed in the laboratory so as to determine their source profiles. These profiles were used 

to assist in identifying PM sources based on output results from the receptor modelling. 

5.2.3 Chemical analyses 

5.2.3.1 Elements 

Trace elements on the Teflon filters were chemically analysed using X-Ray Fluorescence (XRF). 

XRF is a non-destructive procedure involving the interplay between x-ray photons and the 

elements found in the PM species leading to the discharging of electrons (Research Triangle 

Institute, 2009). This will result in the release of x-rays that are unique for the individual element.  

5.2.3.2 Ions 

Water-soluble ionic species on the Teflon filters were analysed using Ion Chromatography (IC). 

A Dionex ICS-3000 IC system consisting of two flow lines was used for IC analysis (Conradie et 

al., 2016). One flow line was used for the detection of anion species and the other flow line to 

detect cation species. Before chemical analysis was commenced, the filters were leached in 10 

ml de-ionised water in an ultrasonic bath for 30 minutes. Five standards, ranging from 20 ppb to 

500 ppb, were prepared using certified stock solutions obtained from Industrial Analytical.  

5.2.4 Positive Matrix Factorization (PMF) model analysis 

PM10-2.5 and PM2.5 source contributions to ambient air particulate concentrations in the VTAPA 

were quantified using PMF. The PMF model is a multivariate factor analysis tool that deconstructs 

the matrix of speciated sample data into two matrices: factor contributions and factor profiles 

(Paatero et al., 2014). This is a well-tested receptor model that has been applied globally (Bove 

et al., 2016; Chuang et al., 2016; Crilley et al., 2017). For this study, the PMF (Version 5.0) was 

performed to obtain quantitative source profiles and mass contributions (Norris et al., 2014). The 

PMF model equation can be expressed as follows: 

𝑿𝒊𝒋 = ∑ 𝒈𝒊𝒋𝒇𝒌𝒋 +  𝒆𝒊𝒋

𝒑

𝒌=𝟏
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Equation 5-1 Positive Matrix Factorization 

where Xij is the concentration of species j measured on sample i; p is the number of factors 

contributing to the samples; fkj is the concentration of species j in factor profile k; gik is the relative 

contribution of factor k to sample i, and eij is the error of the PMF model for the species j measured 

on sample i, 

In order to run PMF, the model requires sample chemical species concentration values and 

uncertainty estimates for each species. Uncertainty estimates were conducted by dividing the limit 

of quantification from the mass concentration for each species in order to obtain a fractional value. 

Then an uncertainty is assigned to each species based on the specific range the fractional value 

of a particular species falls into. The PMF model was run multiple times for all sites using 

elemental and ionic composition data for PM10-2.5 and PM2.5.  

The species used in the model were chosen according to the signal-to-noise (S/N) criterion. 

Species with S/N values greater than 2 were classified “strong”, while those within the 0.2 – 1.9 

range were categorised as “weak”. Species with S/N values less than 0.2 are defined as “bad” 

variables and were removed from the analysis. The optimal number of factors for each site were 

selected based on (i) the number of runs/iterations, (ii) knowledge of sources affecting the study 

area, (iii) distributions of the scaled residuals and, (iv) the Qtrue/Qrobust ratio (Table 5-1) (Vossler 

et al., 2016). Species with symmetrically distributed scaled residuals within a range of -3 to +3 

indicates a good model fit. The Qtrue/Qrobust ratio is useful in determining the influence of outliers 

on the model. A ratio above 1.5 indicates that outliers may have a disproportionate effect on the 

model and will need to be down weighed (Gupta et al., 2012; Weber et al., 2019). A source type 

was assigned to each factor based on known representative indicator chemical species and 

source profiles obtained from the US EPA SPECIATE database (https://www.epa.gov/air-

emissions-modeling/speciate-2). (Engelbrecht et al., 2002; Simon et al., 2010) 

Table 5-1 Overview of the Qtrue/Qrobust values for Klipriver, Sebokeng, Sharpeville and 

Zamdela 

 Summer Winter Spring 

 PM10-2.5 PM2.5 PM10-2.5 PM2.5 PM10-2.5 PM2.5 

Kliprivier 1.24 1.00 1.43 1.00 1.08 1.00 

Sebokeng 1.03 1.14 1.21 1.00 1.06 1.00 

Sharpeville 1.00 1.00 1.37 1.24 1.12 1.00 

Zamdela 1.46 1.11 1.48 1.00 1.17 1.11 
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5.3 Results 

5.3.1 Spatial and temporal variations of PM10-2.5 and PM2.5 mass concentration 

It can be observed that the highest seasonal median values for PM10-2.5 were experienced in 

Sharpeville during the winter season for both the day (95 μg/m3) and night (116 μg/m3) time 

(Figure 5-2). Similarly, for PM2.5 the highest seasonal median values are also observed in winter, 

with Sebokeng (68 μg/m3) having the maximum concentrations during the day time and 

Sharpeville (88 μg/m3) peaking during the night. Peak concentrations experienced in winter could 

be as a result of extensive domestic solid fuel burning for cooking and heating. In comparison to 

winter, PM pollution was also considerably higher in spring. For PM10-2.5, concentration median 

values for spring were highest in Sebokeng during the day (92 μg/m3), and in Sharpeville (during 

the night (97 μg/m3). PM2.5 levels were also high in spring with median values for the day peaking 

in Sharpeville (59 μg/m3) and maximum night time median concentrations being experienced in 

Sebokeng (75 μg/m3). For all seasons, both during the day and night, PM2.5 median values for 

Kliprivier were generally lower than Sebokeng, Sharpeville, and Zamdela. The lowest seasonal 

median values for PM10-2.5 and PM2.5 were experienced in summer  
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Figure 5-2: Day and night time seasonal range of PM2.5 and PM10-2.5 mass concentration at 

all the sampling sites. 

5.3.2 PM10-2.5 and PM2.5 chemical composition 

The elemental and ionic contents of PM10-2.5 and PM2.5 for summer, winter and spring at the four 

sampling sites are shown Figure 5-3, Figure 5-4 and Figure 5-5 respectively. Statistical 

summaries of the elemental and ionic species for each site are given in Annexure I. 
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5.3.2.1 Elements 

Analysis of the data revealed that at all sites, crustal elements which include Si, Mg, Al, Ca, Na, 

S and Fe contributed the most towards PM10-2.5 both during the day and night for all seasons. 

These crustal elements were highest in spring which is a season associated with strong winds in 

South Africa. The abundance of Si, Mg, Al, Ca, Na, and Fe in PM10-2.5 indicate that dust is 

dominant at these sites. There is also a strong presence of S in PM2.5 for both day and night at all 

sites during all three seasons, implying that coal combustion is an important contributor to 

atmospheric PM. There is an abundance of K and Zn in the PM2.5 during the days and nights of 

winter and spring. These elements could have been emitted as a result of wood and biomass 

burning. Fe, Cr and Ni were dominant in PM2.5 during the day and night for Kliprivier (summer) 

and Zamdela (winter and spring). Fe, Cr and Ni were also significant contributors of PM2.5 during 

the summer nights at Kliprivier and Sebokeng. This suggests that industries and vehicles make a 

significant contribution to ambient PM. 

5.3.2.2 Ions 

Ionic compositions for PM10-2.5 and PM2.5 revealed that SO4
2─, NH4

+ and F─ are the dominant 

species for summer, winter and spring at all sites. The occurrence of these ionic species could 

be a result of coal combustion from industries and to a lesser extent, residential solid fuel burning. 

In addition to this, the strong presence of NO3
─ in PM10-2.5 and PM2.5 during the day and night in 

winter could suggest an industrial origin. SO4
2─, NH4

+, F─ and NO3
─ concentrations are highest in 

winter mainly as a result of increased coal combustion. High Na+, Mg2+ and Ca2+ abundances 

were observed for PM10-2.5 suggesting the possibility of marine and crustal origin sources. Wood 

and biomass burning is also an important source as indicated by the abundance of in K+ in PM2.5, 

especially in winter where it is highest due to the need for space heating 
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Figure 5-3: Summer day (top left and right) and night time (bottom left and right) average elemental and ionic composition of PM10-2.5 and PM2.5  

at all the sampling sites. 
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Figure 5-4: Winter day (top left and right) and night time (bottom left and right) average elemental and ionic composition of PM10-2.5 and PM2.5  at 

all the sampling sites. 
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Figure 5-5: Spring day (top left and right) and night time (bottom left and right) average elemental and ionic composition of PM10-2.5 and PM2.5  at 

all the sampling sites. 
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5.3.3 Apportionment of sources identified by PMF 

Eight factors were determined based on representative indicator chemical species. These 

identified potential sources included industry, coal burning, wood and biomass burning, waste 

burning, dust-related, vehicles, secondary aerosols and aged sea salt (Figure 5-6). Figure 5-7 

presents the source apportionment results for the four sampled sites and shows the variations in 

contributions based on the three seasons. 

5.3.3.1 PM10-2.5 and PM2.5 sources 

The industry source is typically characterised by strong contributions from Zn, Fe, Pb, Ni, Cr, Mn 

and V. These elements are typically associated with smelters and metallurgical industries 

(Dall’Osto et al., 2013). The metal element V is mainly associated with heavy fuel oil combustion 

(Yu et al., 2013). Coal, coking coal and heavy fuel oil are the main energy sources that drive 

industries in the VTAPA (Department of Environmental Affairs and Tourism, 2009). Coal burning 

is an important source identified through PMF. For the VTAPA, this source is generally associated 

with burning in low-income households and industries. The coal-burning source is highly loaded 

with Cl-. This ion is mainly from ammonium chloride (NH4Cl), which occurs as a result of the rapid 

reaction between HCl and NH4
+ in the atmosphere (Chen et al., 2014). With coal being the primary 

energy source in South Africa, coal-burning can be regarded as the largest potential source of 

HCl. 

Wood and biomass burning are characterised by a high content of K and K+ and minor 

contributions of SO4
2- and NO3

-. K+ is widely recognized as an indicator of biomass burning as it 

is released during the plant combustion process (Chuang et al., 2016). For the low-income 

settlements in the VTAPA, K+ is more representative of wood combustion as wood is an important 

energy source for cooking and space heating (Department of Environmental Affairs, 2019). 

Biomass burning occurs in the VTAPA through burning of open spaces used for agricultural 

activities (Department of Environmental Affairs and Tourism, 2009).  

Refuse collection in the low-income settlements of South Africa is infrequent and has resulted in 

the pile-up of solid waste into heaps. As a measure to reduce these heaps, residents have 

resorted to burning waste (Department of Environmental Affairs, 2019). The waste burning source 

identified through PMF contained high values of NH4
+ and small contributions from Cl- and K+. 

The occurrence of Cl- could be as a result of the presence of salt-containing foodstuff and chlorine-

based materials in domestic waste disposals. Residents in low-income settlements often don’t 

sort their waste before disposal. This can result in domestic waste being mixed with garden waste, 

thus likely explaining the presence of K+ in the waste burning source. 
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The dust-related source was identified in the coarse fraction and was characterised by crustal 

elements which included Ca, Mg, Si, Al, Fe, Ti and Mn. The metals elements found in the dust-

related source could also be associated with resuspended dust resulting from motor vehicle 

entrainment on unpaved roads in the low-income settlements. Other metals such as Cr and V 

were also present in the dust-related source and could be as a result of soil contamination from 

industrial emissions (Okonkwo et al., 2006). NO3
-, Pb, Zn, Mn and Fe were characteristic of the 

vehicle source. The Zn, Mn and Fe metal elements found in this source are associated with both 

petrol and diesel-fueled vehicles (Squizzato et al., 2018). These elements are also associated 

with brake, tear and engine wear (Park et al., 2019). Zn is a common additive found in lubricating 

oils and can be emitted through combustion by diesel engines (Yu et al., 2013).  

The secondary aerosol source mainly consisted of SO4
2-, NO3

- and NH4
+, which was formed 

through the chemical transformation of SO2, NOx and NH3 pollutants originating from other direct 

sources. The presence of secondary aerosols in the VTAPA could also be as a result of long-

range transportation by air masses from the sea. The aged sea salt source was characterised by 

high loadings of Na and low Cl levels. The lack of Cl in the aged sea salt source could result from 

Cl displacement in sea salt particles by acidic pollutants (H2SO4 and HNO3) leading to the 

formation of sulfate and nitrate salts (Laskin et al., 2012). 
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Figure 5-6: Source profiles identified through PMF analysis 
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5.3.4 Seasonal contributions 

Source apportionment results (Figure 5-7) reveal that for PM10-2.5, dust-related is a major source 

at Kliprivier (32% (16 μg/m3) — 52%(18 μg/m3)), Sebokeng (31% (24 μg/m3) — 68%(23 μg/m3)), 

Sharpeville (34%(14 μg/m3) — 49%(50 μg/m3)), and Zamdela (19%(15 μg/m3) — 

65%(17 μg/m3)). Dust-related contributions show relatively higher concentrations in summer and 

spring, and lower concentrations in winter. This is consistent with the seasonal patterns of winds 

experienced in the central and northern parts of South Africa (Kruger et al., 2016). For the coarse 

fraction, secondary aerosols have an important contribution at Kliprivier (12%(9 μg/m3) — 

32%(16 μg/m3)), Sebokeng (11%(9 μg/m3) — 14%(11 μg/m3)), Sharpeville (12%(12 μg/m3) — 

35%(15 μg/m3)), and Zamdela (29%(24 μg/m3) — 32%(25 μg/m3)). For summer this could mainly 

be as a result of the regional transportation of secondary sulphate and nitrate aerosols from coal-

fired power stations from the industrial region of Mpumalanga whilst for spring, secondary 

aerosols could be from the intensive agricultural region of the Free State province.  (Tesfaye et 

al., 2011).  

Coal combustion and vehicles are sources prominent in the coarse fraction. Coal combustion 

accounts for 4%(3 μg/m3) to 19%(7 μg/m3), 6%(2 μg/m3) to 19%(14 μg/m3), 8%(8 μg/m3) to 

14%(13 μg/m3), and 7%(6 μg/m3) to 16%(13 μg/m3) of PM10-2.5 mass concentrations in Kliprivier, 

Sebokeng, Sharpeville, and Zamdela, respectively. Vehicles account for 11%(8 μg/m3) to 

20%(7 μg/m3), and 16%(5 μg/m3) to 25%(19 μg/m3) of PM10-2.5 mass concentrations in Kliprivier 

and Sebokeng, respectively. Vehicles contributed to 10% of PM10-2.5 mass concentrations for both 

summer and winter at Sharpeville (4 μg/m3 and 10 μg/m3). In winter vehicles contributed 

14%(11 μg/m3) of PM10-2.5 mass concentrations at Zamdela. 

Coal-burning, secondary aerosols, wood and biomass burning, and industries are the key PM 

sources in the fine fraction. Coal-burning is the main source of PM2.5 air pollution in Sebokeng 

and Sharpeville, contributing over 60% for all three seasons with the highest concentrations being 

experienced in winter (57 μg/m3 and 73 μg/m3). Secondary aerosols are a key PM2.5 source in 

Zamdela with contributions ranging from 24%(4 μg/m3) to 67%(6 μg/m3). Secondary aerosols are 

also an important PM2.5 source at Kliprivier. The contribution from secondary aerosols for all three 

seasons in Kliprivier varied from 17%(5 μg/m3) to 22%(5 μg/m3). Industries account for 

5%(1 μg/m3) to 11%(3 μg/m3), 7%(5 μg/m3) to 14%(10 μg/m3), 10%(9 μg/m3) to 12%(7 μg/m3), 

and 18%(3 μg/m3) to 35%(6 μg/m3) of PM2.5 mass concentrations in Kliprivier, Sebokeng, 

Sharpeville, and Zamdela, respectively. 

Wood and biomass burning is an important source identified in both fractions, accounting for 

15%(15 μg/m3 in winter) to 25%(23 μg/m3 in spring) and 6%(5 μg/m3 in winter) to 14%(11 μg/m3 
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in spring) of PM10-2.5 mass concentrations in Sharpeville and Zamdela, respectively. The higher 

contributions in spring for both Sharpeville and Zamdela are consistent with the biomass burning 

patterns in South Africa which occur during late winter and early spring (Hersey et al., 2015). 

Wood and biomass burning accounts for 26%(20  μg/m3 in winter) and 17%(13 μg/m3 in spring) 

of PM10-2.5 mass concentrations in Kliprivier and Sebokeng, respectively. In the fine fraction, wood 

and biomass burning accounts for 72%(22 μg/m3) to 84%(8 μg/m3), 2%(1 μg/m3) to 

13%(9 μg/m3), 4%(3 μg/m3) to 6%(4 μg/m3), and 32%(6 μg/m3) to 49%(8 μg/m3) of PM mass 

concentrations in Kliprivier, Sebokeng, Sharpeville, and Zamdela respectively. For Kliprivier, 

Sebokeng, and Sharpeville, the concentrations of the wood and biomass burning source were 

highest in spring as extensive biomass burning activities take place during August and September 

(Tesfaye et al., 2011). Regional transportation also plays a significant role during the same period 

as biomass burning emissions originating from Zambia, Angola, Mozambique and Zimbabwe are 

transported to South Africa (Hersey et al., 2015).  
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Figure 5-7: Relative (%) source contributions for PM10-2.5 and PM2.5 at all sites for A) summer 

B) winter and C) spring. 

5.4 Discussion 

This study has demonstrated that particulate air pollution remains a significant issue in the 

VTAPA. The air quality conditions in the low-income settlements of Sebokeng, Sharpeville and 
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Zamdela are harmful to the health to the residents. There were significant temporal variabilities 

in PM levels at these low-income settlements with average PM2.5 on most occasions exceeding 

the 24-hour NAAQS (40 μg/m3). Peak concentrations were experienced in winter when demand 

for space heating is high. 

Contributions to PM in the low-income settlements of the VTAPA were primarily associated with 

anthropogenic activities. In the coarse fraction, the dust-related source (mainly composed of 

aluminium silicates) was the main contributor to ambient PM pollution, accounting for over 30% 

of concentrations at all sites except Zamdela. Elemental compositions for PM10-2.5 also show an 

abundance of dust-related elements in the form of Si, Mg, Al, Ca, Na, and Fe. This source could 

have been generated locally through resuspension of soil, ash dumps, cement manufacturing and 

construction works as well as through regional transportation of dust aerosols (Tesfaye et al., 

2011). 

In the fine fraction, secondary aerosols are important contributors to ambient PM pollution in 

Kliprivier and Zamdela. For Zamdela, the secondary aerosols are likely to have an industrial origin 

as Sasol Chemical Industries Complex is located within the vicinity of this area. The presence of 

secondary aerosols at Kliprivier is likely to be from coal-fired power stations. Kliprivier is also 

representative of transboundary pollution as it located at the boundary of the VTAPA. Apart from 

secondary aerosols, wood and biomass burning is also an important PM source in Kliprivier and 

Zamdela. In Zamdela, the concentrations of wood and biomass burning were highest in winter 

and this could be due to the extensive use of wood by households for space heating. Wood is the 

main solid fuel source for cooking and space heating in Zamdela (Statistics South Africa, 2016). 

High wood and biomass burning contributions in Kliprivier could be likely from burning activities 

at grasslands and cultivated commercial fields. Coal-burning had the highest contributions in 

Sebokeng and Sharpeville with peak concentrations being experienced in winter. These results 

are expected as domestic fuel combustion in low-income settlements is higher during winter due 

to the high demand for space heating (Adesina et al., 2020). 

5.5 Conclusion 

PM10-2.5 and PM2.5 aerosol samples were collected for three seasons at four sites in the VTAPA 

industrial/urban region and were chemically analysed. Elemental and ionic compositions for these 

samples show an abundance of crustal elements in PM10-2.5 and a predominance of coal and 

biomass combustion-related elements in PM2.5 at all sites. Eight sources for PM10-2.5 and PM2.5 

were resolved and identified using the PMF model and include industry, coal burning, wood and 

biomass burning, waste burning, dust-related, vehicles, secondary aerosols and aged sea salt. 

For the coarse fraction, dust-related and secondary aerosols were the major contributing sources. 
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In the fine fraction, secondary aerosols and coal burning had the highest contributions. Wood and 

biomass burning is an important source in both the coarse and fine fraction. 

The present study has demonstrated the importance of source apportionment tool in the 

management of air quality management in the townships of the VTAPA. For Kliprivier, appropriate 

abatement strategies should focus on reducing emissions from dust and vehicles. The main 

emission sources to target in Sebokeng are dust, vehicles and domestic coal burning. In 

Sharpeville, focus should be on reducing emissions from domestic coal burning, dust, industry 

and vehicles. Abatement strategies in Zamdela should focus on industry and dust emission 

sources. Reducing the strength of these sources will benefit residents in the VTAPA by lowering 

PM exposure and improving air quality. 
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Chapter conclusion 

The objective of this article is to identify the sources contributing to particulate matter 

loading in low-income settlements of the Vaal Triangle Airshed Priority Area 

From the above article, the following main conclusions were drawn: 

• Although the VTAPA is a heavily industrialised region, industrial sources do not 

predominantly contribute to ambient PM in low-income settlements. Unregulated 

sources such as windblown dust, domestic coal burning and, wood and biomass 

combustion have considerable contributions 

• Results from this study can assist in the design of local municipality air quality 

management plans for the VTAPA. 

With the identification of the sources contributing to PM loading in the VTAPA, the next step in 

the thesis is to then identify suitable, cost-effective strategies to reduce emissions from these 

sources. The potential impact of these emissions reduction strategies on air quality in the VTAPA 

will also be assessed. This objective is addressed in the next chapter. 
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CHAPTER 6   INTEGRATED ASSESSMENT OF STRATEGIES TO 
REDUCE AIR POLLUTION IN THE VAAL TRIANGLE AIRSHED 
PRIORITY AREA, SOUTH AFRICA 
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Thesis objective addressed: To assess the potential impacts of emission reduction 

strategies on air quality in the Vaal Triangle Airshed Priority Area 

The use of Integrated Assessment Models to support the design of effective air quality 

management plans has increased in the last two decades. By bringing together data on emissions 

from different pollutants, atmospheric dispersion, mitigation controls and their costs to implement, 

different air quality policies can be compared. This will aid in selecting the most appropriate 

management option, which has the least impacts on the economy of a particular area. The air 

quality management plan for the VTAPA is currently in its second stage of review, and the targets 

set from this plan still have not been met. Incorporating Integrated Assessment Models into the 
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review process will assist in decision making. In this regard, the purpose of this study is to explore 

different air quality policy scenarios for the VTAPA using an Integrated Assessment Model 

methodology so as to identify a suite of control strategies that will optimise benefits to humans 

and the environment at the least financial costs. 

Abstract 

South Africa currently faces a serious problem of air pollution in its cities. The approach used to 

manage air quality has not yet met the desired outcomes. In this study, potential mitigation options 

for ambient PM2.5 in the Vaal Triangle Airshed Priority Area (VTAPA) – one of the most 

industrialised regions in South Africa - were explored using the GAINS (Greenhouse Gas and Air 

Pollution Interactions and Synergies) model Based on projections of economic activities and 

population, changes in PM2.5 concentrations were quantified, applying different assumptions on 

application rates of end-of-pipe control technologies for key emission sources of PM2.5 and its 

precursor gases NOx and SO2. Ambient PM2.5 concentrations were used to estimate potential 

human health benefits of emission reductions. Our findings reveal that PM2.5 concentrations for 

the VTAPA will not reach recommended health limits by 2035 under the current legislation. By 

introducing stringent controls, emissions could be reduced by more than half and national air 

quality standards could be attained. Trajectories show that implementation costs in the alternative 

scenario would be nearly twice as much as that for the current policies. Analysis using the GAINS 

interface has demonstrated the value of assessing the multiple dimensions of air pollution using 

an integrated approach to provide evidence-based support for policy decision making. 
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Integrated assessment of strategies to reduce air pollution in the Vaal Triangle Airshed 

Priority Area, South Africa 

6.1 Introduction 

Air pollution is recognised as a serious environmental problem for South Africa. Of particular 

concern are the high levels of particulate matter (PM) that have been recorded in some regions 

of the country (Feig et al., 2019). In 2016, the death rate attributed to ambient air pollution in 

South Africa was was 41 per 100 000 population (World Health Organization, 2018). Additionally, 

the rising levels of nitrogen oxides (NOx), partly attributed to an upsurge of vehicle use, has 

become an emergent air quality issue. Between December 2008 and January 2019, South Africa 

experienced a considerable increase in vehicle numbers from approximately 9 to 12 million 

(eNaTIS, 2019). NOx emissions are not only an important component in secondary PM generation 

but also contribute to ozone formation, which in large amounts is harmful to humans (Karagulian 

et al., 2015).  

Current environmental legislation in South Africa seeks to reduce air pollution to acceptable 

human health levels by providing regulatory tools that will assist in achieving compliance with 

national ambient air quality standards (South Africa, 2013). One such instrument is proclaiming 

problem areas as a priority with stricter legislative requirements in which explicit management 

strategies are to be adopted. South Africa currently has three priority areas with the Vaal Triangle 

Airshed Priority Area (VTAPA) being the first to be proclaimed on 21 April 2006 (South Africa, 

2006). PM levels in this priority area frequently exceed national ambient air quality standards with 

low-income settlements such as Sharpeville experiencing annual PM2.5 concentration levels 

above 70 µg/m3 (Govender & Sivakumar, 2019). In order to tackle air quality issues in the VTAPA, 

an air quality management plan (AQMP) outlining the proposed control strategies for the region 

was developed in 2009. Interventions proposed in the AQMP focused on reducing emissions from 

industries, households, motor vehicles, mines and waste burning activities through enforcing 

regulations and adopting mitigation technologies (Department of Environmental Affairs, 2009). 

Efforts to lower emissions have been mainly focused on the industrial sector and have led to some 

industries experiencing substantial reductions. However, these undertakings have not 

significantly cut back exposure to pollutants in residential areas (Department of Environmental 

Affairs, 2013).  

A mid-term review of the VTAPA AQMP revealed that the desired outcomes for this priority area 

had not been met, as concentrations are still above national ambient air quality limits (Department 

of Environmental Affairs, 2013). This is in part due to a priority issue; compared to other risks like 

poverty, malnutrition and non-pollution related diseases such as HIV/AIDS, air pollution is still not 

considered an important priority and thus given less attention by the government (Naiker et al., 
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2012). Additionally, there is a lack of follow up by authorities, and there are no penalties for failure 

to implement the recommended interventions in the AQMP (Department of Environmental Affairs, 

2019). Financial constraints have always been a big concern for air quality management (Scorgie, 

2012). Mitigation technologies are costly for industries and with South Africa currently 

experiencing economic challenges, fewer financial resources are allocated to air pollution control 

than other key strategic areas. Therefore, to tackle air quality issues under the current economic 

climate and competing priorities, there is a need to identify alternative policy interventions that 

improve air quality with minimal costs to the South African economy.  

Integrated assessment tools like the GAINS (Greenhouse Gas and Air Pollution Interactions and 

Synergies) model can offer practical solutions to tackle the air quality management challenges 

currently faced in the VTAPA. The GAINS model has the capability to evaluate and compare 

different air quality policies and control strategies for a country according to their economic and 

social costs (Amann, 2012; Rafaj et al., 2018). Through the assessment of emission levels under 

different control and activity scenarios, the risk of error when selecting mitigation options can be 

significantly reduced. The GAINS model has been successfully applied in different regions around 

the world, including developing countries such as Pakistan (Purohit et al., 2013) and India (Amann 

et al., 2017). In South Africa, the GAINS model has been used to assess emission trajectories 

under different management options at the country level (Henneman et al., 2016). However, given 

the high variability in the concentrations of pollutants observed across South Africa, it is important 

to look at emissions at a more local scale (Scorgie, 2012). In this study, a local version of the 

GAINS model is employed in the VTAPA to quantify the impacts of mitigation options under 

different policy scenarios and determine the induced air quality and health impacts resulting from 

emission reductions. 

6.2 Methods 

6.2.1 Study area 

The VTAPA is an industrial region experiencing strong emissions from industries, residential 

combustion, motor vehicles and mining (Department of Environmental Affairs, 2019). This area 

spans from the southern part of the Gauteng province or Gauteng city-region (GCR) to the 

northern part of the Free State province. The VTAPA (Figure 6-1) has a population of over 3 

million people with more than 60% of its inhabitants concentrated in low-income areas where the 

burning of solid fuels is a common practice (Department of Environmental Affairs and Tourism, 

2009). Waste combustion, biomass burning and fugitive dust are also important air pollution 

sources in the VTAPA. 
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Figure 6-1: Map of the study region. The shaded red region represents the VTAPA and the 

zoomed shows the emission sources found within the VTAPA. 

6.2.2 GAINS model 

The GAINS model is a techno-economic tool developed by the International Institute for Applied 

Systems Analysis (IIASA). It is used to simulate emission trajectories for major air pollutants 

based on future economic growths (Amann, 2012). Emissions for major pollutants (SO2, NOx, 

PM10, PM2.5, NH3 and VOCs) and greenhouse gases (CO2, CH4, N2O) from various activities 

(including power generation, industrial combustion and processes, transport, residential 

combustion and agriculture) are quantified in the model. 

Four parameters are used to calculate emissions of air pollutants in the GAINS model, including 

sectoral activity data, uncontrolled emission factors, reduction efficiency of the abatement 

technologies, and the implementation rates of these measures. Sectoral activity data includes 

activities from different sectors and are expressed as primary energy units. Uncontrolled emission 

factors are the emissions per unit activity if no emission abatement measure is applied. The 

reduction efficiency and implementation of rates of abatement measures are expressed as a 

percentage of uncontrolled emission factors, and as a percentage of the activity data considered, 

respectively. Emission calculation in the GAINS model is expressed in Equation 6-1 (Amann et 

al., 2011): 
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𝑬𝒎𝒊,𝒋(𝒕) =  ∑ 𝒂𝒄𝒕𝒋,𝒌(𝒕) ∗ 𝒆𝒇𝒊,𝒋,𝒌,𝒎 ∗ 𝑿𝒊,𝒋,𝒌,𝒎

𝒌,𝒎

 

Equation 6-1: GAINS model 

where; Emi,j(t) = emission of pollutant i in region j in year t; actj,k(t) = activity level of type j in region 

k in year 𝑡; Efi,i,k,m = emission factor of pollutant i for activity k in region j after application of control 

measure 𝑚; Xi,j,k,m = implementation rate of the abatement measure m for pollutant i for activity k 

in region j, 

6.2.3 Data input for GAINS 

The GAINS model requires energy activity information as input data into generating emissions. 

However, the data available for the VTAPA is incomplete. Therefore, publicly available energy 

activity data for the Gauteng province was used in GAINS as most of the VTAPA falls within this 

region. The energy activity data used was obtained from the greenhouse gas inventory and 

energy balance study for the Gauteng province which was conducted by the University of 

Stuttgart’s Institute for Energy Economics and the Rational Use of Energy (Tomaschek et al., 

2012). These data provide the most comprehensive and complete energy activity statistics for the 

Gauteng region. The data was gathered from national statistics, e.g. fuel sales, electricity sales, 

economic output and employment figures. The source categories covered in this dataset include 

industries (which included power generation), domestic fuel burning, and vehicles. Since the 

lower southern segment of the VTAPA extends into the Free State province, large emitting 

sources (Eskom Lethabo power station, Sasol and Natref) found in this portion were also included 

in the modelling exercise. Activity data for these sources were obtained from the University of 

Cape Town’s Energy Research Centre (Energy Research Centre, 2018). Data for non-energy 

related processes, specifically waste generation, were obtained from the Gauteng waste 

information system (Gauteng Department of Agriculture and Rural Development, 2018). All the 

activity data were arranged into the GAINS model data template, uploaded to the GAINS model 

from which emissions of PM2.5, SO2 and NOX for the VTAPA were generated. Wind-blown dust 

and biomass burning emissions were included for this study. However, the GAINS model does 

not cover these sources, therefore, emission projections for wind-blown dust and biomass burning 

were carried out exegenously using emissions data obtained for Council for Scientific and 

Industrial Research (CSIR) (Department of Environmental Affairs, 2019). 
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6.2.4 Scenario design 

A set of scenarios were developed for the VTAPA to explore the potential of reducing the health 

impacts of air pollutants by altering the energy activity mix and applying abatement measures to 

different sectors. Emissions reduction pathways for these scenarios were assessed in the 

medium-term (20-year period), in which 2015 was taken as the reference year (REF). Emissions 

for the VTAPA were compared with emissions for the whole of South Africa (Rafaj et al., 2018) 

so as to show the contribution of the VTAPA in relation to the rest of South Africa.  

6.2.5 Current Legislation Scenario (CLE) 

The CLE scenario is based on energy projections taken from World Energy Outlook for 2017 

(International Energy Agency, 2017). This scenario involves the careful enforcement of current 

pledges and plans, taking into consideration the existing institutional, political and economic 

barriers that South Africa is facing. It assumes that there will be an adoption of regulations and 

compliance with emission standards as of 2015. It also takes into account regulation issues such 

as the postponed compliance to emission standards by some industries, and the delayed 

implementation of Euro 5 fuel standards in the mobile sector (Henneman et al., 2016). Reductions 

in this scenario will be significant for SO2, but comparatively smaller for PM2.5 and NOx; in addition, 

emission cuts are limited to specific sectors. The emission trajectories under the CLE are also 

anchored on projected GDP (United States Dollars) and population growth (Figure 6-2).  

 

Figure 6-2: GDP and population projections for the Gauteng province. 
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6.2.6 Alternative Scenario (AS) 

The AS shows the extent to which emission levels can be further reduced by altering the fuel mix 

and applying the best available technologies. This scenario attempts to give a scope of the 

potential benefits that can be achieved through the full implementation of abatement measures in 

the VTAPA by 2035. In order to determine the most efficient technologies to use in the AS, the 

abatement strategies available in the GAINS model for reducing PM2.5, SO2 and NOx emissions 

were analysed side by side for each sector. The resultant controls applied in the AS scenario are 

listed in Table 6-1. 

Table 6-1: List of controls applied to different emission sources in the AS scenario. 

Emission 

sources 

Pollutant 

targeted 

Control description 

Domestic 

combustion 
PM2.5 Substituting coal with LPG in households 

Waste 

combustion 

PM2.5, SO2, 

NOx 
Ban on open municipal solid waste (MSW) burning 

Industry PM2.5 Installation of fabric filters (high-efficiency dedusters) 

Industry SO2 
Installation of wet flue gas desulphurisation (WFGD) 

technologies 

Industry NOx 
Installation combustion modification and selective 

catalytic reduction technologies 

Vehicles 
PM2.5, SO2, 

NOx 

Application of EURO 6 standards to petrol and diesel 

vehicles 

Windblown dust PM2.5 Use of dust suppressants 

   

Associated costs for each control strategy are calculated under the notion of a free market, in 

which abatement technologies are assumed to be available to all countries at the same costs. For 

this study, implementation costs for abatement technologies were calculated for each scenario in 

GAINS at a 4% interest rate.  

6.2.7 Dispersion modelling 

Fine particulate matter concentrations for the GAINS model are usually calculated with a reduced 

form of the European Monitoring and Evaluation Programme (EMEP) chemistry transport model 

at resolutions of 50 km x 50 km. However, given the fine spatial scale of the VTAPA, fine pertinent 

details will be lost in the EMEP coarse resolution pixel matrix. CALPUFF is a non-steady-state 

Lagrangian Gaussian puff model that can simulate the dispersion of pollutants over a large 

domain (>50 km) at fine spatial resolutions (1 km x 1 km) (Scire et al., 2000; Rood, 2014). A 
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gridded (1 km x 1 km) emission inventory for the VTAPA was obtained from the CSIR for South 

Africa (Department of Environmental Affairs, 2019) (Annexure II). These gridded emissions were 

used to quantify the changes in PM2.5 (primary and secondary) concentrations for key sectors 

based on the different set of control strategies. 

6.2.8 Health effects 

 Health effect assessments for air quality management involve quantifying the fraction of the 

affected population attributing to fine-PM concentration levels in a region. This can help in 

determining the potential number of deaths that could be prevented if PM exposure were reduced 

to a sufficient level. The methodology that was used to estimate the current and future mortality 

attributed to ambient PM pollution is based on the Global Burden of Disease studies (Lim et al., 

2012). This approach involves combining the population exposure distribution to ambient PM2.5 

with the relative risk at each level of exposure so as to obtain the population attributable fraction 

(Rao et al., 2012). The disease burden attributed to ambient PM2.5 (AB) is then determined by 

multiplying the population attributable fraction (PAF) with the health endpoint. For this study, the 

health endpoint of interest is total mortality. 

𝑷𝑨𝑭 = [𝑷 ∗ (𝑹𝑹 − 𝟏)]/[𝑷 ∗ (𝑹𝑹 − 𝟏) + 𝟏] 

where P = proportion of the population exposed to a given level of PM2.5; and RR = Relative risk 

associated with exposure to ambient air pollution. 

𝑨𝑩 = 𝑷𝑨𝑭 ∗ 𝒉𝒆𝒂𝒍𝒕𝒉 𝒆𝒏𝒅𝒑𝒐𝒊𝒏𝒕 

Total population exposures to ambient PM2.5 for the VTAPA were calculated as fractions of the 

projected population data from the GAINS database for South Africa. A theoretical minimum risk 

exposure value of 10 µg/m3 was used for this analysis as it is the World Health Organisation’s 

recommended air quality limit for annual PM2.5 (WHO, 2006). Census data was used to extract 

the specific death rate for the VTAPA which was then used to estimate the baseline mortality for 

current and future scenarios. 
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6.3 Results 

6.3.1 Emission comparisons 

Figure 6-3 shows emissions comparisons between the VTAPA and the whole of South Africa. 

PM2.5, SO2 and NOx pollutants in the VTAPA contribute 4, 8, and 9% of the total emissions in 

South Africa respectively. 

 

Figure 6-3: Emission comparisons by pollutant between VTAPA and South Africa 

Emission contributions for PM2.5 vary between the VTAPA and South Africa (Figure 6-4). 

Industries are the dominant contributors for the VTAPA, while for the whole of South Africa, 

domestic combustion is the main source of PM2.5 emissions. Despite these differences in relative 

source contributions, industries remain an important source of PM2.5 for the whole of South Africa. 

Windblown dust from mine tailings, stockpiles and ash storage facilities is an important source 

category for the VTAPA. Industries are the dominant SO2 sources for both the VTAPA and South 

Africa. For NOx emissions, industries and vehicles are the most important sources in the VTAPA 

and the whole of South Africa as well. Given these variations in emission source contributions 

between the VTAPA and South Africa, local intervention strategies are likely to be more effective 

for the city level compared to regional or national policies. 
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Figure 6-4: Comparisons of emission source contributions by pollutant between VTAPA and 

South Africa. 

6.3.2 Sectoral reductions in the VTAPA 

Figure 6-5 shows the changes in PM2.5 emissions in the CLE and AS scenarios by sector relative 

to the year 2015. Under current legislation, emissions stay essentially constant (4% decrease by 

2035), while in the AS they are projected to decrease significantly in 2035, with PM2.5 dropping by 

66%. Under the existing legislation, PM2.5 emissions in the domestic sector will experience a 

steady decline as a result of the increased electrification of households in low-income settlements. 

However, it should be noted that electrification will not necessarily result in the total disuse of solid 

fuels in low-income settlements. Due to economic reasons and population growth, an increase in 

electricity tariffs could discourage a complete switch from solid fuels to electricity.  

Replacing coal with Liquefied Petroleum Gas (LPG) in low-income settlements is an option that 

will complement the electrification programme and could result in the elimination of PM2.5 

emissions from the domestic sector by 2035. However, for this strategy to be effective, there is a 

need for a consistent supply of LPG and adherence to government price cap regulations of this 

fuel. Without such measures in place, residents in low-income settlements will continue to use 

solid fuels as LPG will be costly. 
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Industrial emissions in the CLE scenario are predicted to gradually increase due to growth in 

industries. However, if fabric filters are installed in all industries, a 70% drop in PM2.5 emissions 

could take place by 2035. Waste generation in urban areas is expected to increase in the VTAPA 

due to the ever-rising population in the region. This can lead to an increase in PM2.5 emissions for 

the waste sector. Enforcing a ban on the burning of municipal solid waste (MSW) could potentially 

reduce emissions in this sector by 83%. It should be noted that for this strategy to be effective, 

the ban on MSW burning must be accompanied by regular monitoring, efficient refuse collection 

and changes in social perceptions. 

 

Figure 6-5: PM2.5 emissions by sector in the VTAPA, for current legislation (CLE) and 

alternative (AS) scenarios. 

Figure 6-6 shows the impacts of sectoral targeted abatement measures on NOX emissions in the 

VTAPA. The industrial sector is the chief NOX contributor, accounting for over 90% of the total 

emissions. In the AS scenario, combustion modification and installation of selective catalytic 

reduction technologies to all industries, as well as the switch to Euro 6 fuel and engine standards 

in the transport sector will yield a reduction in NOX emissions by 57%, with the majority of the 

reduction taking place in the industrial sector. However, in the CLE scenario, emissions for NOX 

are projected to gradually rise by 10% due to industrial growth and slow implementation of the 

Euro 5 emission standard in the transport sector. 
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Figure 6-6: NOx emissions by sector in the VTAPA, for current legislation (CLE) and 

alternative (AS) scenarios. 

SO2 emissions in the CLE scenario (Figure 6-7) are expected to decrease, considerably dropping 

by 44% from 2015 to 2035. The high SO2 emissions reduction results from the application of 

stringent controls (mainly dry flue gas desulphurisation technologies) in the industrial sector. 

Emission reduction potential in the AS scenario is greater than in the CLE, as SO2 emissions are 

expected to drop sharply by 68% in the VTAPA. This as a result of the adoption of wet flue gas 

desulphurisation technologies in the industrial sector. 
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Figure 6-7: SO2 emissions by sector in the VTAPA, for current legislation (CLE) and 

alternative (AS) scenarios. 

6.3.3 Spatial reductions in the VTAPA 

Figure 6-8 presents the spatial distribution of annual PM2.5, NOx and SO2 emissions for the 

baseline year and the future year for the CLE and AS scenarios as used in the CALPUFF model 

simulations. High levels of PM2.5 emissions are concentrated in the central part of the VTAPA due 

to industrial (mineral processing, storage and handling) and coal mining operations. A substantial 

proportion of PM2.5 emissions also occur in the northern regions, with domestic combustion from 

the low-income settlements of Soweto and windblown dust from gold mining tailings storage 

facilities, accounting for these high emission intensities. In the CLE scenario, PM2.5 emissions in 

the highest emitting grid cell are expected to drop slightly from 837 to 804 tons/year, and 

drastically fall to 367 tons/year in the AS. As shown in Figure 6-8, high emission intensities for 

NOx and SO2 are experienced in the central and south-western zones of the VTAPA due to power 

generating sources (Eskom’s Lethabo power plant and Sasol’s Sasolburg operations). NOx 

emissions in the highest emitting grid cell for the CLE are expected to rise from 33 614 to 36 854 

tons/year. Conversely, in the AS scenario, NOx emissions in the highest emitting grid cell will 

significantly fall to 14 252 tons/year. SO2 baseline emissions in the highest emitting grid cell 

amounting to 78 745 tons/year are expected to drop considerably in the CLE and AS to 44 047 

and 25 501 tons/year respectively. 
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Figure 6-8: Spatial emission distribution for PM2.5, NOx and SO2 (rows) in the VTAPA, in the 

different scenarios (columns). 

6.3.4 Emission control costs 

Implementation costs of controls applied for each scenario were estimated and compared against 

the projected GDP for the Gauteng province. This was done for technologies in the transport and 

industrial sector. The GAINS model does not calculate implementation costs for switching from 

Coal to LPG in the domestic sector and the use of dust suppressants. As expected, control costs 
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in the AS scenario are higher by almost a factor of 1.6 (Figure 6-9) in comparison to the CLE 

scenario, and these costs will total 0.6% of GDP by 2030. For the CLE, control costs are estimated 

at 0.4% of GDP by 2030. 

 

Figure 6-9: Estimated implementation costs for controls in the VTAPA under the CLE and AS 

scenarios. 

6.3.5 PM2.5 concentrations in the VTAPA 

Table 6-2 illustrates the changes in annual mean and maximum PM2.5 concentrations for the 

different modelled emission sources. Our results suggest that emphasis should not be solely 

placed on controlling industrial emissions even though it constitutes a major portion of the overall 

PM2.5 concentrations. It can be observed that domestic combustion (32%) has similar 

contributions to that from industries (34%). Biomass burning and vehicles also have significant 

contributions. Under the CLE scenario, by the year 2035, annual mean PM2.5 concentrations for 

the industrial and waste sectors are expected to increase, by 1.5 and by 0.3 µg/m3, respectively. 

The greatest reductions in the AS scenario are observed in the domestic and industrial sectors. 

Table 6-2: Projected changes in annual mean and maximum PM2.5 concentrations (µg/m3) by 

sector in the VTAPA under the CLE and AS scenario. 

Sector 

  REF  CLE (2035)  AS (2035) 

 Average Maximum  Average Maximum  Average Maximum 

Biomass burning  4.6 7.8  4.6 7.8  4.6 7.8 

Domestic combustion  10.7 23.4  5.4 11.8  0 0 

Industry  11.1 14  12.6 15.8  3.4 4.2 
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Sector 

  REF  CLE (2035)  AS (2035) 

 Average Maximum  Average Maximum  Average Maximum 

Vehicles  3.5 7.8  2.1 4.6  1.3 2.9 

Windblown dust  1 3.6  1 3.6  0.5 1.8 

Waste combustion  2.2 5.2  2.5 5.9  0.4 0.9 

          

The overall annual mean PM2.5 concentrations from all the emission sectors are shown in Figure 

6-10. It can be observed that PM2.5 concentrations for the VTAPA (for the year 2015) are not only 

above national standards (20 µg/m3), but they are also well above WHO guideline values 

(10 µg/m3). Large parts of the VTAPA will experience concentrations ranging from 30 to 50 µg/m3. 

The highest PM2.5 concentrations are observed in the northern part of the VTAPA where domestic 

burning is a major emission source. High levels of PM2.5 are also in the central to south-west 

region of the VTAPA where industrial activities, domestic burning and mining operations take 

place. Under the CLE scenario, PM2.5 concentrations are expected to remain above acceptable 

air quality limits throughout the VTAPA, experiencing only a marginal decrease. More favourable 

reductions are experienced in the AS scenario. PM2.5 concentrations are expected to reduce 

significantly by 69%. This is mainly due to reductions in domestic burning emissions which 

reduces 32% of PM2.5 concentrations in the VTAPA. Although under the AS scenario, national 

limits are met throughout the entire region, there are some parts in the northern section of the 

VTAPA where concentrations that will still remain above WHO guideline values. 
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Figure 6-10: Estimated annual PM2.5 concentrations across the VTAPA for the year 2015 (left) 

and for the year 2035 in the CLE (centre) and AS (right) scenario. Zoomed area 

shows PM2.5 concentrations at domestic burning sources. 

6.3.6 Effects on human health 

Table 6-3 shows health effects findings in terms of the number of deaths attributable to ambient 

PM2.5 pollution in the VTAPA. If the current policies are applied, a minor decrease (8.5%) in the 

number of deaths will be experienced by 2035. These small health gains are due to the increase 

in PM2.5 concentrations from the industrial and waste sector resulting from the growth of industries 

and the population. However, in the AS scenario, significant health gains are experienced in which 

deaths are reduced by over 95.5%, relative to the minimal change in the CLE scenario. This is 

mainly attributed to the elimination of emissions from domestic fuel burning. By reducing 



 

100 

emissions from a low-level source, exposure to PM2.5 is significantly reduced. Stringent measures 

will, therefore, need to be applied in the VTAPA to avoid future negative health impacts.  

Table 6-3: Estimated premature deaths in population >30 years attributed to ambient PM2.5 

pollution in the VTAPA under the CLE and AS scenario. 

Scenario 
(year) 

Central estimate (RR 
=1.06) with upper and 

lower  
95% confidence intervals 

Deaths per 100 000 of 
population attributable to PM 

% reduction relative to REF 
scenario 

REF 
(2015) 

4 700 (1 700 – 7 800) 41 – 

CLE 
(2035) 

4 300 (1 500 – 7 300) – 8.5 

AS 
(2035) 

210 (70 – 390) – 95.5 

    

6.4 Discussion 

South Africa’s attempt to improve the livelihoods of its inhabitants has resulted in economic 

advancement taking priority over environmental issues. Poor air quality is a major health concern 

in the cities of South Africa. Emissions from industries, coal and wood burning in residential areas, 

open waste and biomass burning have contributed to high concentrations of PM2.5, NOx and SO2 

that are well above national air quality limits (Scorgie, 2012). With the current rate of urbanisation, 

population growth and economic development taking place in the cities and without stringent 

control policies, the quality of air is likely to further deteriorate leading to the future worsening of 

the health burden. 

This study is an initial attempt to identify suitable policy interventions that could effectively reduce 

the emissions of pollutants in the VTAPA. By comparing the effectiveness of different air quality 

management approaches, it can be observed that air pollution control under the existing 

legislation is not sufficient to achieve compliance with national air quality standards. Our results 

suggest that given the increasing energy demand if the proposed controls in the current policies 

are to be fully implemented there will be a minor decrease in PM2.5 and NOx emissions. However, 

for SO2, emissions are expected to be halved by the year 2035, due to stringent controls in the 

centralised industrial/power sector. 

A variety of strategies are available to curb the negative effects associated with the rate of urban 

and economic development in the VTAPA. In the AS scenario, strict implementation of control 

measures such as the adoption of advanced control technologies, a switch from ‘dirty fuels’ to 

less polluting fuels and the banning of domestic waste burning in open spaces can effectively 
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lower PM2.5 and PM2.5 precursors emissions by more than half. The biggest reductions are 

expected to be experienced in the domestic sector through a switch from coal to LPG. This will 

have a considerable effect on reducing PM2.5 exposures in low-income settlements. Although 

implementation costs for such fuel switches in domestic combustion are not calculated in GAINS, 

a study for the VTAPA done by the Department of Environmental Affairs for South Africa shows 

that substantial financial resources are required to fully implement a switch from coal to LPG use 

(Department of Environmental Affairs, 2018). Additionally, the supply of LPG is inconsistent and 

government price cap regulations are not strictly adhered to. Industries will also experience 

substantial reductions but the technologies needed to combat air pollution in the VTAPA are 

costly. However, despite these challenges, the environmental and health benefits to society will 

greatly outweigh these costs, as seen by the potential reduction in the number of deaths due to 

PM2.5 exposures. A total of 4490 premature deaths attributable to ambient PM2.5 exposure can be 

avoided by 2035. 

6.5 Conclusion 

The current research for the VTAPA demonstrates the value of integrated assessment modelling 

as an evidence-based scientific tool for supporting decision making through the analysis of climate 

change, energy, air pollution, health and economics as a complex system. Although the modelling 

exercise has illustrated how stringent controls can reduce emissions and concentrations, and can 

improve human health, the adoption of these measures still requires considerable financial 

resources. In order to fully exploit the health benefits of emission reductions without compromising 

the economy, careful selection of policy interventions - also including those aiming at clean energy 

access, waste management, land-use practices and greenhouse gases mitigation - will need to 

be considered. This study has shown that future emissions and the costs associated with different 

management strategies can and need to be assessed at a local scale for South Africa. 
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Chapter conclusion 

The objective of this study is to assess the potential impacts of emission reduction 

strategies on air quality in the Vaal Triangle Airshed Priority Area 

The above study drew the following main conclusions: 

• Under the current management strategy for the VTAPA, Air quality targets for PM2.5 will 

not be attained by the year 2035 

• By introducing stringent controls into the VTAPA, PM2.5 concentrations will drop to levels 

within the regulatory limits by the year 2035. However, the costs to implement these 

controls will cost nearly twice as much as compared to the current control strategies 

• By eliminating emissions from domestic burning, PM2.5 concentrations and premature 

deaths are significantly reduced in the VTAPA. 
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CHAPTER 7   CONCLUSIONS 
Air quality in the VTAPA has attracted public attention due to its elevated pollutant concentrations, 

specifically PM levels which are above national health limits. Rapid urbanisation, coupled with 

industrial expansion, increase in vehicle numbers and continued use of coal and wood as a 

domestic energy source has contributed to the deterioration of air quality in this region. Air 

pollution control initiatives in the VTAPA have not produced the desired outcomes. PM 

concentrations are still alarmingly high and further emission reductions are required to minimise 

the health impacts of air pollution in this region. Air quality management is multidisciplinary in 

nature. Collective analysis of air quality, health and cost-benefits aspects is therefore required. 

For this reason, an integrated approach to air quality management was performed for this study 

in order to produce the relevant information that will support decision-making for the VTAPA. This 

was achieved by firstly examining the potential of satellite retrievals in assessing the spatial 

variations and exploring temporal trends of PM2.5 concentrations for the VTAPA. It is necessary 

to examine past concentration trends so as to predict future outcomes. Next, a source 

apportionment for the VTAPA was carried out to determine the main sources of PM and their 

contributions. Lastly, a proposed management strategy for the VTAPA was evaluated by 

comparing its emission reductions, induced air quality and health impacts relative to projections 

from the current management strategy. The major findings for each objective and corresponding 

manuscript will be discussed in the following sections. 

7.1 Research objective 1 

The objective of the first manuscript, entitled “Evaluating the potential of remote sensing 

imagery in mapping ground-level fine particulate matter (PM2.5) for the Vaal Triangle 

Airshed Priority Area”, was to explore the potential use of satellite retrievals in assessing the 

spatiotemporal trends of PM2.5 over the VTAPA.  

The main findings for this research objective are summarised as follows: 

• For remote sensing to become a viable air quality monitoring option, the precision and 

accuracy of satellite retrievals for PM2.5 need to be improved in order to prevent the 

overestimation of PM2.5 concentrations. This can be achieved by: 

o Optimising the positioning of ground-based stations so as to have monitoring data 

that is spatially more representative 

o Collocating PM2.5 monitoring instruments with ground-based sun photometers to 

assess the AOD-PM2.5 relationships independently. This can assist in improving 

PM2.5 estimates from satellite AOD retrievals 
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• Monthly satellite retrievals for PM2.5 concentrations need to be developed so that 

seasonal variations and trends can be captured.  

The main conclusions from this study are that satellite remote sensing is currently not a 

practical and credible option to ground-based monitoring in the VTAPA. Based on ground 

measurements, PM2.5 concentrations in the VTAPA have not significantly reduced since the 

inception of the VTAPA AQMP and still remain above national and global ambient air 

standards. With the current management strategies, PM2.5 concentrations are likely to remain 

above air quality limits. 

7.2 Research objective 2 

The objective of the second manuscript titled “Updated PM10-2.5 and PM2.5 source 

apportionment for the Vaal Triangle Airshed Priority Area, South Africa”, was to identify the 

main sources contributing to PM loading in the VTAPA through a receptor model approach. This 

analysis was done for both PM10-2.5 and PM2.5.  

The major findings from this investigation are summarised below: 

• PM2.5 concentrations both during the day and night for all sites and seasons generally 

exceeded the NAAQS 24-hour for PM2.5  

• The highest seasonal concentrations for both PM10-2.5 and PM2.5 were experienced in 

winter  

• Dust-related elements which include Si, Mg, Al, Ca, Na, S and Fe, contributed the most 

towards PM10-2.5, both during the day and the night for all seasons, whilst for PM2.5, S, 

K, Fe, Cr and Ni have significant contributions  

• SO4
2─, NH4

+ and F─ are the dominant ionic species for both PM10-2.5 and PM2.5 for all 

seasons 

• Dust-related and secondary aerosols were the main contributing sources for PM10-2.5, 

whilst coal burning and secondary aerosols were significant PM2.5 contributors 

• Wood and biomass burning is an important source for both PM10-2.5 and PM2.5, especially 

during the spring season. 

The main conclusions from this study are that although being an industrialised region, low-level 

emission sources have a significant impact in low-income settlements as observed by the 

dominance of coal burning in Sebokeng and Sharpeville. Dust, industry, domestic coal burning, 

wood and biomass combustion are the key sources in the VTAPA that need to be prioritised by 
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decision-makers. Source contributions differ across low-income settlements. Therefore, individual 

plans should be developed for each settlement. 

7.3 Research objective 3 

Careful selection of control strategies for the VTAPA through the assessment and comparison of 

different mitigation options requires the support of an integrated modelling system. The third 

objective of this study is addressed in the manuscript titled “Integrated assessment of 

strategies to reduce air pollution in the Vaal Triangle Airshed Priority Area, South Africa”, 

where an integrated assessment model was used to determine cost-efficient options to reduce 

emissions and achieve compliance to air quality standards. This model was also used to evaluate 

the effectiveness of current air quality policies for the VTAPA. 

The main findings for this research objective are summarised as follows: 

• Under the current management strategy for the VTAPA, PM2.5 concentrations will not 

reach recommended air quality limits by 2035 

• An alternative management strategy in which more stringent controls are applied will 

significantly reduce emissions by more than half and annual NAAQS for PM2.5 will be 

attained  

• The implementation costs for the alternative management strategy are nearly twice as 

much as those for the current policies 

• Although the operational costs for the alternative management strategy are higher 

compared to current policies, the negative health impacts are significantly reduced. 

The main conclusions drawn from this study are that in order for PM2.5 concentrations to be 

reduced to within national air quality limits by 2035, emission reductions should not be solely from 

the industrial sector, but also from low emission sources such as domestic fuel burning, vehicles 

and biomass burning. Integrated assessment modelling through assessing the multiple 

dimensions of air pollution is an important evidence-based scientific tool for supporting decision 

making. 

7.4 Contribution to the current body of knowledge 

The traditional approaches to policy analysis have not offered enough leverage in dealing with 

the complex problem of air pollution. More needs to be done in order to effectively reduce air 

pollution levels to within nationally accepted standards. This study makes an important 

contribution to the current body of knowledge by integrating the technical, environmental, 

economic and health aspects of air pollution. The findings from this study will assist policy 
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planners in designing management plans that prioritise key sources in the VTAPA. Through an 

integrated approach, policymakers will be able to make more informed decisions when it comes 

to selecting control strategies for improving air quality in the VTAPA without compromising the 

economy. Future studies should investigate climate change policies in order to prioritise air 

pollution reduction measures that have the co-benefit of reducing greenhouse gas emissions 

  



 

110 

REFERENCE LIST 

Adesina, J.A., Piketh, S.J., Qhekwana, M., Burger, R., Language, B., & Mkhatshwa, G.  2020.  

Contrasting indoor and ambient particulate matter concentrations and thermal comfort in coal and 

non-coal burning households at South Africa Highveld.  Science of the Total Environment.  699. 

Akbar, S. & Kojima, M.  2003.  The science of health impacts of particulate matter.  

http://siteresources.worldbank.org/PAKISTANEXTN/Resources/UrbanAir/ScienceOfHealthImpact.pdf  

Date of access: 20 Feb. 2018. 

Allen, S.A.A., Ree, A.G., Ayodeji, S.A.M., Deborah, S.A.E., & Ejike, O.M.  2019.  Secondary inorganic 

aerosols: impacts on the global climate system and human health.  Biodiversity International Journal.  

3(6):249–259. 

Altieri, K.E. & Keen, S.L.  2019.  Public health benefits of reducing exposure to ambient fine particulate 

matter in South Africa.  Science of the Total Environment,  684:610–620. 

Amann, M.  2012.  The GAINS Integrated Assessment Model. EC4MACS Modelling Methodology, 

European Consortium for Modelling of Air Pollution and Climate Strategies - EC4MACS  

http://pure.iiasa.ac.at/id/eprint/11863/  Date of access: 10 Jan. 2019. 

Amann, M., Bertok, I., Borken-Kleefeld, J., Cofala, J., Heyes, C., Höglund-Isaksson, L., Klimont, Z., 

Nguyen, B., Posch, M., Rafaj, P., Sandler, R., Schöpp, W., Wagner, F., & Winiwarter, W.  2011.  

Cost-effective control of air quality and greenhouse gases in Europe: Modeling and policy 

applications.  Environmental Modelling and Software,  26(12):1489–1501. 

Amann, M., Purohit, P., Bhanarkar, A.D., Bertok, I., Borken-Kleefeld, J., Cofala, J., Heyes, C., 

Kiesewetter, G., Klimont, Z., Liu, J., Majumdar, D., Nguyen, B., Rafaj, P., Rao, P.S., Sander, R., 

Schöpp, W., Srivastava, A., & Vardhan, B.H.  2017.  Managing future air quality in megacities: A 

case study for Delhi.  Atmospheric Environment,  161:99–111. 

Amegah, A.K. & Agyei-Mensah, S.  2017.  Urban air pollution in Sub-Saharan Africa: Time for action.  

Environmental Pollution,  220:738–743. 

Anderson, J.O., Thundiyil, J.G., & Stolbach, A.  2012.  Clearing the air: A review of the effects of 

particulate matter air pollution on human health.  Journal of Medical Toxicology,  8(2):166–175. 

Annegarn, H.J. & Scorgie, Y.  1997.  Air quality management plan for the Vaal Triangle Part II.  Clean Air 

Journal,  9(8):11–20. 

Atkinson, R.W., Fuller, G.W., Anderson, H.R., Harrison, R.M., & Armstrong, B.  2010.  Urban ambient 

particle metrics and health: A time-series analysis.  Epidemiology,  21(4):501–511. 

Awasthi, S., Khare, M., & Gargava, P.  2006.  General plume dispersion model (GPDM) for point source 

emission.  Environmental Modeling and Assessment,  11(3):267–276. 

Barnes, B., Mathee, A., Thomas, E., & Bruce, N.  2009.  Household energy, indoor air pollution and child 

respiratory health in South Africa.  Journal of Energy in Southern Africa,  20(1):4–13. 

Bhanarkar, A.D., Purohit, P., Rafaj, P., Amann, M., Bertok, I., Cofala, J., Rao, P.S., Vardhan, B.H., 

Kiesewetter, G., Sander, R., Schöpp, W., Majumdar, D., Srivastava, A., Deshmukh, S., Kawarti, A., & 

Kumar, R.  2018.  Managing future air quality in megacities: Co-benefit assessment for Delhi.  

Atmospheric Environment,  186:158–177. 

http://siteresources.worldbank.org/PAKISTANEXTN/Resources/UrbanAir/ScienceOfHealthImpact.pdf
http://pure.iiasa.ac.at/id/eprint/11863/


 

111 

Bluett, J., Gimson, N., Fisher, G., Heydenrych, C., Freeman, T., & Godfrey, J.  2004.  Good practice 

guide for atmospheric dispersion modelling.  https://www.mfe.govt.nz/sites/default/files/atmospheric-

dispersion-modelling-jun04.pdf  Date of access: 15 Mar. 2018. 

Bove, M.C., Brotto, P., Calzolai, G., Cassola, F., Cavalli, F., Fermo, P., Hjorth, J., Massabò, D., Nava, S., 

Piazzalunga, A., Schembari, C., & Prati, P.  2016.  PM10 source apportionment applying PMF and 

chemical tracer analysis to ship-borne measurements in the Western Mediterranean.  Atmospheric 

Environment,  125:140–151. 

van Bree, L., Fudge, N., Tuomisto, J.T., & Brunekreef, B.  2007.  Closing the gap between science and 

policy on air pollution and health.  Journal of Toxicology and Environmental Health - Part A,  70(3–

4):377–381. 

Burger, L.W.  2011.  Complexities in the Estimation of Emissions and Impacts of Wind Generated Fugitive 

Dust.  https://www.airshed.co.za/Downloads/Publications/9 Lucian Burger NACA2010.pdf  Date of 

access: 3 Nov. 2020. 

Burnett, R.T., Arden Pope, C., Ezzati, M., Olives, C., Lim, S.S., Mehta, S., Shin, H.H., Singh, G., Hubbell, 

B., Brauer, M., Ross Anderson, H., Smith, K.R., Balmes, J.R., Bruce, N.G., Kan, H., Laden, F., 

Prüss-Ustün, A., Turner, M.C., Gapstur, S.M., Diver, W.R., & Cohen, A.  2014.  An integrated risk 

function for estimating the global burden of disease attributable to ambient fine particulate matter 

exposure.  Environmental Health Perspectives,  122(4):397–403. 

Capelli, L., Sironi, S., Del Rosso, R., & Guillot, J.M.  2013.  Measuring odours in the environment vs. 

dispersion modelling: A review.  Atmospheric Environment,  79:731–743. 

Carnevale, C., Finzi, G., Pisoni, E., Volta, M., Guariso, G., Gianfreda, R., Maffeis, G., Thunis, P., White, 

L., & Triacchini, G.  2012.  An integrated assessment tool to define effective air quality policies at 

regional scale.  Environmental Modelling and Software,  38:306–315. 

Carslaw, D.C. & Ropkins, K.  2012.  Openair - An r package for air quality data analysis.  Environmental 

Modelling and Software,  27–28:52–61. 

Centre for Environmental Rights.  2017.  Broken promises: the failure of the Highveld Priority Area.  

https://cer.org.za/news/broken-promises-the-failure-of-south-africas-priority-areas-for-air-pollution-

time-for-action  Date of access: 15 Sep. 2018. 

Chen, W.N., Chen, Y.C., Kuo, C.Y., Chou, C.H., Cheng, C.H., Huang, C.C., Chang, S.Y., Roja Raman, 

M., Shang, W.L., Chuang, T.Y., & Liu, S.C.  2014.  The real-time method of assessing the 

contribution of individual sources on visibility degradation in Taichung.  Science of the Total 

Environment,  497–498(110):219–228. 

Chu, Y., Liu, Y., Li, X., Liu, Z., Lu, H., Lu, Y., Mao, Z., Chen, X., Li, N., Ren, M., Liu, F., Tian, L., Zhu, Z., 

& Xiang, H.  2016.  A review on predicting ground PM2.5 concentration using satellite aerosol optical 

depth.  Atmosphere,  7(10):1–25. 

Chuang, M.T., Chen, Y.C., Lee, C. Te, Cheng, C.H., Tsai, Y.J., Chang, S.Y., & Su, Z. Sen.  2016.  

Apportionment of the sources of high fine particulate matter concentration events in a developing 

aerotropolis in Taoyuan, Taiwan.  Environmental Pollution,  214:273–281. 

Conradie, E.H., Van Zyl, P.G., Pienaar, J.J., Beukes, J.P., Galy-Lacaux, C., Venter, A.D., & Mkhatshwa, 

G. V.  2016.  The chemical composition and fluxes of atmospheric wet deposition at four sites in 

South Africa.  Atmospheric Environment,  146:113–131. 

https://www.mfe.govt.nz/sites/default/files/atmospheric-dispersion-modelling-jun04.pdf
https://www.mfe.govt.nz/sites/default/files/atmospheric-dispersion-modelling-jun04.pdf
https://www.airshed.co.za/Downloads/Publications/9%20Lucian%20Burger%20NACA2010.pdf
https://cer.org.za/news/broken-promises-the-failure-of-south-africas-priority-areas-for-air-pollution-time-for-action
https://cer.org.za/news/broken-promises-the-failure-of-south-africas-priority-areas-for-air-pollution-time-for-action


 

112 

Crilley, L.R., Lucarelli, F., Bloss, W.J., Harrison, R.M., Beddows, D.C., Calzolai, G., Nava, S., Valli, G., 

Bernardoni, V., & Vecchi, R.  2017.  Source apportionment of fine and coarse particles at a roadside 

and urban background site in London during the 2012 summer ClearfLo campaign.  Environmental 

Pollution,  220:766–778. 

Crippa, M., Guizzardi, D., Muntean, M., Schaaf, E., Dentener, F., Aardenne, J.A. Van, Monni, S., Doering, 

U., Olivier, J.G.J., Pagliari, V., & Janssens-Maenhout, G.  2018.  Gridded emissions of air pollutants 

for the period 1970 – 2012 within EDGAR v4.3.2.  Earth System Science Data,  10:1987–2013. 

Dall’Osto, M., Querol, X., Alastuey, A., O’Dowd, C., Harrison, R.M., Wenger, J., & Gómez-Moreno, F.J.  

2013.  On the spatial distribution and evolution of ultrafine particles in Barcelona.  Atmospheric 

Chemistry and Physics,  13(2):741–759. 

Davidson, C.I., Phalen, R.F., & Solomon, P.A.  2005.  Airborne particulate matter and human health: A 

review.  Aerosol Science and Technology,  39(8):737–749. 

Department of Environmental Affairs and Tourism.  2007.  The Vaal Triangle Priority Area baseline 

assessment findings and proposed air quality management interventions.  

https://saaqis.environment.gov.za/home/text/443  Date of access: 9 Apr. 2017. 

Department of Environmental Affairs.  2009.  State of Air Report 2005. A report on the state of the air in 

South Africa.  Pretoria.  http://www.saaqis.org.za/Downloads.aspx?type=AQ  Date of access: 14 Jan. 

2018. 

Department of Environmental Affairs.  2013.  The medium-term review of the 2009 Vaal Triangle Airshed 

Priority Area: Air Quality Management Plan.  Pretoria.  

http://www.saaqis.org.za/Downloads.aspx?type=AQ  Date of access: 6 Dec. 2017. 

Department of Environmental Affairs.  2015.  South African Atmospheric Emission Licensing and 

Inventory Portal.  https://saaelip.environment.gov.za/SAAELIP/home/.  Date of access: 2 Nov. 2020. 

Department of Environmental Affairs.  2018.  The benefits and costs of air quality management.  Pretoria.  

http://pmg-assets.s3-website-eu-west-1.amazonaws.com/190212Annexure_16-

_DEA_Cost_Benefit_Analysis_Report.pdf  Date of access: 28 Feb. 2019. 

Department of Environmental Affairs.  2019.  The second generation Vaal Triangle Airshed Priority Area 

Air Quality Management Plan : Draft baseline assessment report.  Pretoria.  

https://saaqis.environment.gov.za/pagesfiles/vtapa%20second%20generation%20aqmp_draft%20ba

seline%20assessment%20report_public%20comment.pdf  Date of access: 28 Feb. 2019. 

Després, V.R., Alex Huffman, J., Burrows, S.M., Hoose, C., Safatov, A.S., Buryak, G., Fröhlich-Nowoisky, 

J., Elbert, W., Andreae, M.O., Pöschl, U., & Jaenicke, R.  2012.  Primary biological aerosol particles 

in the atmosphere: A review.  Tellus B: Chemical and Physical Meteorology,  64(1): 1–57. 

Di, Q., Amini, H., Shi, L., Kloog, I., Silvern, R., Kelly, J., Sabath, M.B., Choirat, C., Koutrakis, P., 

Lyapustin, A., Wang, Y., Mickley, L.J., & Schwartz, J.  2019.  An ensemble-based model of PM2.5 

concentration across the contiguous United States with high spatiotemporal resolution. Environment 

International,  104909. 

van Donkelaar, A., Martin, R. V, Brauer, M., & Boys, B.L.  2015.  Use of satellite observations for long-

term exposure assessment of global concentrations of fine particulate matter.  Environmental Health 

Perspectives,  123(2):135–143. 

https://saaqis.environment.gov.za/home/text/443
http://www.saaqis.org.za/Downloads.aspx?type=AQ
http://www.saaqis.org.za/Downloads.aspx?type=AQ
https://saaelip.environment.gov.za/SAAELIP/home/
http://pmg-assets.s3-website-eu-west-1.amazonaws.com/190212Annexure_16-_DEA_Cost_Benefit_Analysis_Report.pdf
http://pmg-assets.s3-website-eu-west-1.amazonaws.com/190212Annexure_16-_DEA_Cost_Benefit_Analysis_Report.pdf
https://saaqis.environment.gov.za/pagesfiles/vtapa%20second%20generation%20aqmp_draft%20baseline%20assessment%20report_public%20comment.pdf
https://saaqis.environment.gov.za/pagesfiles/vtapa%20second%20generation%20aqmp_draft%20baseline%20assessment%20report_public%20comment.pdf


 

113 

van Donkelaar, A., Martin, R. V., & Park, R.J.  2006.  Estimating ground-level PM2.5 using aerosol optical 

depth determined from satellite remote sensing.  Journal of Geophysical Research Atmospheres,  

111(21):1–10. 

van Donkelaar, A., Martin, R. V., Brauer, M., Hsu, N.C., Kahn, R.A., Levy, R.C., Lyapustin, A., Sayer, 

A.M., & Winker, D.M.  2016.  Global estimates of fine particulate matter using a combined 

geophysical-statistical method with information from satellites, models, and monitors.  Environmental 

Science and Technology,  50(7):3762–3772. 

Duncan, B.N., Prados, A.I., Lamsal, L.N., Liu, Y., Streets, D.G., Gupta, P., Hilsenrath, E., Kahn, R.A., 

Nielsen, J.E., Beyersdorf, A.J., Burton, S.P., Fiore, A.M., Fishman, J., Henze, D.K., Hostetler, C.A., 

Krotkov, N.A., Lee, P., Lin, M., Pawson, S., Pfister, G., Pickering, K.E., Pierce, R.B., Yoshida, Y., & 

Ziemba, L.D.  2014.  Satellite data of atmospheric pollution for U.S. air quality applications: Examples 

of applications, summary of data end-user resources, answers to FAQs, and common mistakes to 

avoid.  Atmospheric Environment,  94:647–662. 

eNaTIS.  2019.  Live vehicle population.  http://www.enatis.com/index.php/statistics/71-live-vehicle-

population-per-registering-authority  Date of access: 20 Feb. 2019. 

Energy Research Centre.  2018.  Preliminary methodology to assess spatial energy balances in South 

Africa.  Cape Town. 

Engelbrecht, J.P., Swanepoel, L., Chow, J.C., Watson, J.G., & Egami, R.T.  2002.  The comparison of 

source contributions from residential coal and low-smoke fuels, using CMB modeling, in South Africa.  

Environmental Science and Policy,  5(2):157–167. 

Engel-Cox, J., Kim Oanh, N.T., van Donkelaar, A., Martin, R. V., & Zell, E.  2013.  Toward the next 

generation of air quality monitoring: Particulate matter.  Atmospheric Environment,  80:584–590. 

Engel-Cox, J.A., Hoff, R.M., & Haymet, A.D.J.  2004.  Recommendations on the use of satellite remote-

sensing data for urban air quality.  Journal of the Air and Waste Management Association,  

54(11):1360–1371. 

Fayiga, A.O., Ipinmoroti, M.O., & Chirenje, T.  2018.  Environmental pollution in Africa.  Environment, 

Development and Sustainability,  20(1):41–73. 

Feig, G., Garland, R.M., Naidoo, S., Maluleke, A., & Merwe, M. van der.  2019.  Assessment of changes 

in concentrations of selected criteria pollutants in the vaal and highveld priority areas.  Clean Air 

Journal  29(2):1–13. 

Feng, S., Gao, D., Liao, F., Zhou, F., & Wang, X.  2016.  The health effects of ambient PM2.5 and potential 

mechanisms.  Ecotoxicology and Environmental Safety,  128:67–74. 

Finlayson-Pitts, B.J. & Pitts, J.N.  2000.  Chemistry of The Upper and Lower Atmosphere.  San Diego: 

Academic Press. 

Forehead, H. & Huynh, N.  2018.  Review of modelling air pollution from traffic at street-level - The state 

of the science.  Environmental Pollution,  241:775–786. 

Fu, M., Zheng, F., Xu, X., & Niu, L.  2011.  Advances of study on monitoring and evaluation of PM2.5 

pollution.  Meteorology and Disaster Reduction Research,  34:1–6. 

Gangwar, C., Choudhari, R., Chauhan, A., Kumar, A., Singh, A., & Tripathi, A.  2019.  Assessment of air 

pollution caused by illegal e-waste burning to evaluate the human health risk.  Environment 

International.  Elsevier.  125:191–199. 

http://www.enatis.com/index.php/statistics/71-live-vehicle-population-per-registering-authority
http://www.enatis.com/index.php/statistics/71-live-vehicle-population-per-registering-authority


 

114 

Gauteng Department of Agriculture and Rural Development.  2018.  Gauteng Waste Information System.  

http://www.gwis.gpg.gov.za/pages/display/authorised_activities  Date of access: 15 Jul. 2018. 

Gieré, R. & Querol, X.  2010.  Solid particulate matter in the atmosphere.  Elements,  6(4):215–222. 

Godish, T.  2004.  Air Quality.  4th ed.  Boca Raton, FL: Lewis Publishers. 

Govender, K. & Sivakumar, V.  2019.  A decadal analysis of particulate matter (PM2.5) and surface ozone 

(O3) over Vaal priority area, South Africa.  Clean Air Journal,  29(2):1–10. 

Gray, H.A.  2019.  Air quality impacts and health effects due to large stationary source emissions in and 

around South Africa’s Mpumalanga Highveld Priority Area (HPA). San Rafael, CA: Gray Sky 

Solutions.  https://cer.org.za/wp-content/uploads/2019/06/Andy-Gray-Report.pdf  Date of access: 20 

Aug. 2019. 

Guaita, R., Pichiule, M., Mate, T., Linares, C., & Diaz, J.  2011.  Short-term impact of particulate matter 

(PM2.5) on respiratory mortality in Madrid.  International Journal of Environmental Health Research.  

21(4):260–274. 

Gummeneni, S., Yusup, Y. Bin, Chavali, M., & Samadi, S.Z.  2011.  Source apportionment of particulate 

matter in the ambient air of Hyderabad city, India.  Atmospheric Research,  101(3):752–764. 

Gupta, A.K., Karar, K., & Srivastava, A.  2007.  Chemical mass balance source apportionment of PM10 

and TSP in residential and industrial sites of an urban region of Kolkata, India.  Journal of Hazardous 

Materials,  142(1–2):279–287. 

Gupta, I., Salunkhe, A., & Kumar, R.  2012.  Source apportionment of PM10 by positive matrix 

factorization in urban area of Mumbai, India.  The Scientific World Journal,  2012:1–13. 

Hallquist, M., Wenger, J.C., Baltensperger, U., Rudich, Y., Simpson, D., Claeys, M., Dommen, J., 

Donahue, N.M., George, C., Goldstein, A.H., Hamilton, J.F., Herrmann, H., Hoffmann, T., Iinuma, Y., 

Jang, M., Jenkin, M.E., Jimenez, J.L., Kiendler-Scharr, A., Maenhaut, W., McFiggans, G., Mentel, 

T.F., Monod, A., Prévôt, A.S.H., Seinfeld, J.H., Surratt, J.D., Szmigielski, R., & Wildt, J.  2009.  The 

formation, properties and impact of secondary organic aerosol: current and emerging issues.  

Atmospheric Chemistry and Physics.  9(14):5155–5236. 

Hamanaka, R.B. & Mutlu, G.M.  2018.  Particulate Matter Air Pollution: Effects on the Cardiovascular 

System.  Frontiers in Endocrinology.  9:1–15. 

Han, L., Zhou, W., & Li, W.  2015.  City as a major source area of fine particulate (PM2.5) in China.  

Environmental Pollution,  206:183–187. 

Health Effects Institute.  2019.  State of Global Air 2019.  Boston, MA.  

https://www.stateofglobalair.org/sites/default/files/soga_2019_report.pdf  Date of access: 10 Sep. 

2019. 

Henneman, L.R.F., Rafaj, P., Annegarn, H., & Klausbruckner, C.  2016.  Assessing emissions levels and 

costs associated with climate and air pollution policies in South Africa.  Energy Policy,  89:160–170. 

Hersey, S.P., Garland, R.M., Crosbie, E., Shingler, T., Sorooshian, A., Piketh, S.J., & Burger, R.  2015.  

An overview of regional and local characteristics of aerosols in South Africa using satellite, ground, 

and modeling data.  Atmospheric Chemistry and Physics,  15(8):4259–4278. 

Hinds, W.C.  1982.  Aerosol Technology: Properties, Behaviour, and Measurement of Airborne Particles.  

2nd ed.  New Jersey: John Wiley. 

http://www.gwis.gpg.gov.za/pages/display/authorised_activities
https://cer.org.za/wp-content/uploads/2019/06/Andy-Gray-Report.pdf
https://www.stateofglobalair.org/sites/default/files/soga_2019_report.pdf


 

115 

Holmes, N.S. & Morawska, L.  2006.  A review of dispersion modelling and its application to the 

dispersion of particles: An overview of different dispersion models available.  Atmospheric 

Environment,  40(30):5902–5928. 

Hopke, P.K.  2016.  Review of receptor modeling methods for source apportionment.  Journal of the Air 

and Waste Management Association,  66(3):237–259. 

Hu, X., Waller, L.A., Lyapustin, A., Wang, Y., & Liu, Y.  2014.  10-year spatial and temporal trends of 

PM2.5 concentrations in the southeastern US estimated using high-resolution satellite data.  

Atmospheric Chemistry and Physics,  14(12):6301–6314. 

Huang, L. & Wang, G.  2014.  Chemical characteristics and source apportionment of atmospheric 

particles during heating period in Harbin, China.  Journal of Environmental Sciences,  26(12):2475–

2483. 

Institute for Health Metrics and Evaluation.  2013.  GBD Compare.  http://vizhub.healthdata.org/gbd-

compare/  Date of access: 22 Feb. 2019. 

International Energy Agency.  2017.  WEO-2017 Special Report: Energy Access Outlook.  Paris. 

ITC.  2011.  ILWIS - Remote Sensing and GIS software.  https://www.itc.nl/ilwis/  Date of access: 12 Mar. 

2018. 

Jan Kole, P., Löhr, A.J., Van Belleghem, F.G.A.J., & Ragas, A.M.J.  2017.  Wear and tear of tyres: A 

stealthy source of microplastics in the environment.  International Journal of Environmental Research 

and Public Health,  14(10):1–31. 

Janssens-Maenhout, G., Pagliari, V., Guizzardi, D., & Muntean, M.  2013.  Global emission inventories in 

the Emission Database for Global Atmospheric Research (EDGAR)–Manual (I).  Ispra: Joint 

Research Centre. 

Jyethi, D.S.  2016.  Air quality: Global and regional emissions of particulate matter, SOx, and NOx.  (In 

Kulshrestha, U. & Saxena, P. eds.  Plant Responses to Air Pollution.  Springer: Singapore.  p. 5–19). 

Karagulian, F., Belis, C.A., Dora, C.F.C., Prüss-Ustün, A.M., Bonjour, S., Adair-Rohani, H., & Amann, M.  

2015.  Contributions to cities’ ambient particulate matter (PM): A systematic review of local source 

contributions at global level.  Atmospheric Environment,  120:475–483. 

Katoto, P.D.M.C., Byamungu, L., Brand, A.S., Mokaya, J., Strijdom, H., Goswami, N., De Boever, P., 

Nawrot, T.S., & Nemery, B.  2019.  Ambient air pollution and health in sub-Saharan Africa: Current 

evidence, perspectives and a call to action.  Environmental Research,  173:174–188. 

Kelly, J.A.  2006.  An overview of the RAINS model.  Wexford: Environmental Protection Agency  

https://epa.ie/pubs/reports/research/air/EPA_overview_of_rains_model_ERC4.pdf  Date of access: 

12 Nov. 2019. 

Kim, K.H., Kabir, E., & Kabir, S.  2015.  A review on the human health impact of airborne particulate 

matter.  Environment International,  74:136–143. 

Klaassen, G., Berglund, C., & Wagner, F.  2005.  The GAINS Model for Greenhouse Gases - Version 1.0: 

Carbon Dioxide (CO2).  Laxenburg: International Institute for Applied Systems Analysis. 

Klausbruckner, C., Annegarn, H., Henneman, L.R.F., & Rafaj, P.  2016.  A policy review of synergies and 

trade-offs in South African climate change mitigation and air pollution control strategies.  

Environmental Science and Policy,  57:70–78. 

http://vizhub.healthdata.org/gbd-compare/
http://vizhub.healthdata.org/gbd-compare/
https://www.itc.nl/ilwis/
https://epa.ie/pubs/reports/research/air/EPA_overview_of_rains_model_ERC4.pdf


 

116 

Klausbruckner, C., Henneman, L.R.F., Rafaj, P., & Annegarn, H.  2018.  Energy policy, air quality, and 

climate mitigation in South Africa: The case for integrated assessment.  (In  Mensah, P., Katerere, 

D., Hachigonta, S., Roodt, A. eds.  Systems Analysis Approach for Complex Global Challenges.  

Cham: Springer International Publishing. p. 113–138). 

Kneen, M.A., Lary, D.J., Harrison, W.A., Annegarn, H., & Brikowski, T.H.  2016.  Interpretation of satellite 

retrievals of PM2.5 over the southern African interior.  Atmospheric Environment,  128:53–64. 

Koelemeijer, R.B.A., Homan, C.D., & Matthijsen, J.  2006.  Comparison of spatial and temporal variations 

of aerosol optical thickness and particulate matter over Europe.  Atmospheric Environment.  

40(27):5304–5315. 

Kruger, A.C., Pillay, D.L., & Van Staden, M.  2016.  Indicative hazard profile for strong winds in South 

Africa.  South African Journal of Science,  112(1–2):1–11. 

Laskin, A., Moffet, R.C., Gilles, M.K., Fast, J.D., Zaveri, R.A., Wang, B., Nigge, P., & Shutthanandan, J.  

2012.  Tropospheric chemistry of internally mixed sea salt and organic particles: Surprising reactivity 

of NaCl with weak organic acids.  Journal of Geophysical Research Atmospheres,  117(15):1–12. 

Lenschow, P., Abraham, H.J., Kutzner, K., Lutz, M., Preuß, J.D., & Reichenbächer, W.  2001.  Some 

ideas about the sources of PM10.  Atmospheric Environment,  35(SUPPL. 1):23–33. 

Feig, G., Garland, R.M., Naidoo, S., Maluleke, A., & Merwe, M. van der.  2019.  Assessment of changes 

in concentrations of selected criteria pollutants in the vaal and highveld priority areas.  Clean Air 

Journal  29(2):1–13.  



 

117 

Lim, S.S., Vos, T., Flaxman, A.D., Danaei, G., Shibuya, K., Adair-Rohani, H., Amann, M., Anderson, H.R., 

Andrews, K.G., Aryee, M., Atkinson, C., Bacchus, L.J., Bahalim, A.N., Balakrishnan, K., Balmes, J., 

Barker-Collo, S., Baxter, A., Bell, M.L., Blore, J.D., Blyth, F., Bonner, C., Borges, G., Bourne, R., 

Boussinesq, M., Brauer, M., Brooks, P., Bruce, N.G., Brunekreef, B., Bryan-Hancock, C., Bucello, C., 

Buchbinder, R., Bull, F., Burnett, R.T., Byers, T.E., Calabria, B., Carapetis, J., Carnahan, E., Chafe, 

Z., Charlson, F., Chen, H., Chen, J.S., Cheng, A.T.A., Child, J.C., Cohen, A., Colson, K.E., Cowie, 

B.C., Darby, S., Darling, S., Davis, A., Degenhardt, L., Dentener, F., Des Jarlais, D.C., Devries, K., 

Dherani, M., Ding, E.L., Dorsey, E.R., Driscoll, T., Edmond, K., Ali, S.E., Engell, R.E., Erwin, P.J., 

Fahimi, S., Falder, G., Farzadfar, F., Ferrari, A., Finucane, M.M., Flaxman, S., Fowkes, F.G.R., 

Freedman, G., Freeman, M.K., Gakidou, E., Ghosh, S., Giovannucci, E., Gmel, G., Graham, K., 

Grainger, R., Grant, B., Gunnell, D., Gutierrez, H.R., Hall, W., Hoek, H.W., Hogan, A., Hosgood, 

H.D., Hoy, D., Hu, H., Hubbell, B.J., Hutchings, S.J., Ibeanusi, S.E., Jacklyn, G.L., Jasrasaria, R., 

Jonas, J.B., Kan, H., Kanis, J.A., Kassebaum, N., Kawakami, N., Khang, Y.H., Khatibzadeh, S., 

Khoo, J.P., Kok, C., Laden, F., Lalloo, R., Lan, Q., Lathlean, T., Leasher, J.L., Leigh, J., Li, Y., Lin, 

J.K., Lipshultz, S.E., London, S., Lozano, R., Lu, Y., Mak, J., Malekzadeh, R., Mallinger, L., 

Marcenes, W., March, L., Marks, R., Martin, R., McGale, P., McGrath, J., Mehta, S., Mensah, G.A., 

Merriman, T.R., Micha, R., Michaud, C., Mishra, V., Hanafiah, K.M., Mokdad, A.A., Morawska, L., 

Mozaffarian, D., Murphy, T., Naghavi, M., Neal, B., Nelson, P.K., Nolla, J.M., Norman, R., Olives, C., 

Omer, S.B., Orchard, J., Osborne, R., Ostro, B., Page, A., Pandey, K.D., Parry, C.D.H., Passmore, 

E., Patra, J., Pearce, N., Pelizzari, P.M., Petzold, M., Phillips, M.R., Pope, D., Pope, C.A., Powles, J., 

Rao, M., Razavi, H., Rehfuess, E.A., Rehm, J.T., Ritz, B., Rivara, F.P., Roberts, T., Robinson, C., 

Rodriguez-Portales, J.A., Romieu, I., Room, R., Rosenfeld, L.C., Roy, A., Rushton, L., Salomon, J.A., 

Sampson, U., Sanchez-Riera, L., Sanman, E., Sapkota, A., Seedat, S., Shi, P., Shield, K., Shivakoti, 

R., Singh, G.M., Sleet, D.A., Smith, E., Smith, K.R., Stapelberg, N.J.C., Steenland, K., Stöckl, H., 

Stovner, L.J., Straif, K., Straney, L., Thurston, G.D., Tran, J.H., Van Dingenen, R., Van Donkelaar, 

A., Veerman, J.L., Vijayakumar, L., Weintraub, R., Weissman, M.M., White, R.A., Whiteford, H., 

Wiersma, S.T., Wilkinson, J.D., Williams, H.C., Williams, W., Wilson, N., Woolf, A.D., Yip, P., 

Zielinski, J.M., Lopez, A.D., Murray, C.J.L., & Ezzati, M.  2012.  A comparative risk assessment of 

burden of disease and injury attributable to 67 risk factors and risk factor clusters in 21 regions, 

1990-2010: A systematic analysis for the Global Burden of Disease Study 2010.  Lancet.  

380(9859):2224–2260. 

Liu, Q., Baumgartner, J., Zhang, Y., & Schauer, J.J.  2016.  Source apportionment of Beijing air pollution 

during a severe winter haze event and associated pro-inflammatory responses in lung epithelial cells.  

Atmospheric Environment,  126:28–35. 

Liu, Y., Franklin, M., Kahn, R., & Koutrakis, P.  2007.  Using aerosol optical thickness to predict ground-

level PM2.5 concentrations in the St. Louis area: A comparison between MISR and MODIS.  Remote 

Sensing of Environment,  107(1–2):33–44. 

Liu, Y., Sarnat, J.A., Kilaru, V., Jacob, D.J., & Koutrakis, P.  2005.  Estimating ground-level PM2.5 in the 

eastern United States using satellite remote sensing.  Environmental Science and Technology,  

39(9):3269–3278. 

Loxham, M. & Nieuwenhuijsen, M.J.  2019.  Health effects of particulate matter air pollution in 

underground railway systems- A critical review of the evidence.  Particle and Fibre Toxicology.  

Particle and Fibre Toxicology.  16(1):1–24. 



 

118 

Lu, D., Xu, J., Yang, D., & Zhao, J.  2017.  Spatio-temporal variation and influence factors of PM2.5 

concentrations in China from 1998 to 2014.  Atmospheric Pollution Research,  8(6):1151–1159. 

Luo, Y., Zhou, X., Zhang, J., Xiao, Y., Wang, Z., Zhou, Y., & Wang, W.  2018.  PM2.5 pollution in a 

petrochemical industry city of northern China: Seasonal variation and source apportionment.  

Atmospheric Research,  212:285–295. 

MacIntosh, D.L., Stewart, J.H., Myatt, T.A., Sabato, J.E., Flowers, G.C., Brown, K.W., Hlinka, D.J., & 

Sullivan, D.A.  2010.  Use of CALPUFF for exposure assessment in a near-field, complex terrain 

setting.  Atmospheric Environment,  44(2):262–270. 

Martínez-Cinco, M., Santos-Guzmán, J., & Mejía-Velázquez, G.  2016.  Source apportionment of PM2.5 

for supporting control strategies in the Monterrey Metropolitan Area, Mexico.  Journal of the Air and 

Waste Management Association,  66(6):631–642. 

Masiol, M., Squizzato, S., Chalupa, D.C., Utell, M.J., Rich, D.Q., & Hopke, P.K.  2018.  Long-term trends 

in submicron particle concentrations in a metropolitan area of the northeastern United States.  

Science of the Total Environment,  633:59–70. 

Matawle, J.L., Pervez, S., Dewangan, S., Tiwari, S., Bisht, D.S., & Pervez, Y.F.  2014.  PM2.5 chemical 

source profiles of emissions resulting from industrial and domestic burning activities in India.  Aerosol 

and Air Quality Research,  14(7):2051–2066. 

Mathuthu, M., Dudu, V.P., & Manjoro, M.  2019.  Source apportionment of air particulates in South Africa: 

A review.  Atmospheric and Climate Sciences,  9:100–113. 

Mdluli, T.  2014.  Commentary-The National Atmospheric Emissions Inventory System.  Clean Air 

Journal,  24(2):6. 

Miranda, A.I., Relvas, H., Viaene, P., Janssen, S., Brasseur, O., Carnevale, C., Declerck, P., Maffeis, G., 

Turrini, E., & Volta, M.  2016.  Applying integrated assessment methodologies to air quality plans: 

Two European cases.  Environmental Science and Policy,  65:29–38. 

Mordukhovich, I., Wright, R.O., Hu, H., Amarasiriwardena, C., & Baccarelli, A.  2012.  Associations of 

toenail Arsenic, Cadmium, Mercury, Manganese, and Lead with blood pressure in the normative 

aging study.  Environment, Development and Sustainability,  120:98–104.  

Morris, R.D.  2001.  Airborne particulates and hospital admissions for cardiovascular disease: A 

quantitative review of the evidence.  Environmental Health Perspectives,  109(SUPPL. 4):495–500. 

Munir, S., Gabr, S., Habeebullah, T.M., & Janajrah, M.A.  2016.  Spatiotemporal analysis of fine 

particulate matter (PM2.5) in Saudi Arabia using remote sensing data.  Egyptian Journal of Remote 

Sensing and Space Science,  19(2):195–205. 

Naiker, Y., Diab, R.D., Zunckel, M., & Hayes, E.T.  2012.  Introduction of local air quality management in 

South Africa: Overview and challenges.  Environmental Science and Policy,  17:62–71. 

National Oceanic and Atmospheric Administration.  2019.  SURFRAD Aerosol Optical Depth.  

https://www.esrl.noaa.gov/gmd/grad/surfrad/aod/comp2.html.  Date of access: 20 Apr. 2019. 

Ngcukana, L.  2016.  Vaal Triangle Priority Area Air Quality Monitoring Network monthly report-May 2016.  

Pretoria: South African Weather Service. http://www.saaqis.org.za/AQDownloads.aspx?type=VAAL  

Date of access: 25 Jun. 2016. 

https://www.esrl.noaa.gov/gmd/grad/surfrad/aod/comp2.html
http://www.saaqis.org.za/AQDownloads.aspx?type=VAAL


 

119 

Nkosi, C.N., Piketh, S.J., Burger, P.R., & Harrold, A.J.  2017.  Variability of domestic burning habits in the 

South African Highveld: A case study in the KwaDela township (April 2017).  Paper Presented at the 

2017 Conference on the Domestic Use of Energy (DUE), Cape Town, 4 Apr.  

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7931820  Date of access: 5 Jun. 2018. 

Norman, R., Cairncross, E., Witi, J., Bradshaw, D., & the South African Comparative Risk Assessment 

Collaborating Group.  2007.  Estimating the burden of disease attributable to smoking in South Africa 

in 2000.  South African Medical Journal,  97(8):674–681. 

Norris, G.R., Duvall, S., Brown, S., & Bai, S.  2014.  EPA Positive Matrix Factorization (PMF) 5.0 

Fundamentals and user guide.  Environmental Protection Agency Office of Research and 

Development, Publishing House Washington, DC, PA/600/R-14/108 (NTIS PB2015-105147). 

Ntziachristos, L. & Samaras, Z.  2009.  Methodology for the calculation of exhaust emissions.  SNAPs 

070100-070500, NFRs 1A3bi-iv.-EMEP/EEA Emission inventory guidebook. 

Oelofse, S., Muswema, A., & Ramukhwatho, F.  2018.  Household food waste disposal in South Africa: A 

case study of Johannesburg and Ekurhuleni.  South African Journal of Science,  114(5–6):1–6. 

Okonkwo, J.O., Awofolu, O.R., Moja, S.J., Forbes, P.C.B., & Senwo, Z.N.  2006.  Total Petroleum 

Hydrocarbons and Trace Metals in street dusts from Tshwane Metropolitan Area, South Africa.  

Journal of Environmental Science and Health, Part A,  41(12):2789–2798. 

Paatero, P., Eberly, S., Brown, S.G., & Norris, G.A.  2014.  Methods for estimating uncertainty in factor 

analytic solutions.  Atmospheric Measurement Techniques,  7(3):781–797. 

Pant, P. & Harrison, R.M.  2012.  Critical review of receptor modelling for particulate matter: A case study 

of India.  Atmospheric Environment,  49:1–12. 

Panyacosit, L.  2005.  A review of particulate matter and health: Focus on developing countries.  

Laxenburg: International Institute for Applied Systems Analysis: IR-00-005.  

http://pure.iiasa.ac.at/id/eprint/6239/1/IR-00-005.pdf  Date of access: 6 Apr. 2018. 

Park, M. Bin, Lee, T.J., Lee, E.S., & Kim, D.S.  2019.  Enhancing source identification of hourly PM2.5 data 

in Seoul based on a dataset segmentation scheme by positive matrix factorization (PMF).  

Atmospheric Pollution Research,  10(4):1042–1059. 

Peduzzi, E., Pisoni, E., Clappier, A., & Thunis, P.  2018.  Multi-level policies for air quality: implications of 

national and sub-national emission reductions on population exposure.  Air Quality, Atmosphere and 

Health,  11(9):1121–1135. 

Peng, J., Chen, S., Lü, H., Liu, Y., & Wu, J.  2016.  Spatiotemporal patterns of remotely sensed PM2.5 

concentration in China from 1999 to 2011.  Remote Sensing of Environment,  174:109–121. 

Pianalto, F.S. & Yool, S.R.  2013.  Monitoring fugitive dust emission sources arising from construction: A 

remote-sensing approach.  GIScience and Remote Sensing,  50(3):251–270. 

Pope, C.A. & Dockery, D.W.  2006.  Health effects of fine particulate air pollution: Lines that connect.  

Journal of the Air and Waste Management Association,  56(6):709–742. 

Popoola, L.T., Adebanjo, S.A., & Adeoye, B.K.  2018.  Assessment of atmospheric particulate matter and 

heavy metals: a critical review.  International Journal of Environmental Science and Technology.  

Springer Berlin Heidelberg.  15(5):935–948. 

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7931820
http://pure.iiasa.ac.at/id/eprint/6239/1/IR-00-005.pdf


 

120 

Pretorius, I., Piketh, S.J., & Burger, R.  2017.  Emissions management and health exposure: should all 

power stations be treated equal?  Air Quality, Atmosphere and Health,  10(4):509–520. 

Purohit, P., Munir, T., & Rafaj, P.  2013.  Scenario analysis of strategies to control air pollution in 

Pakistan.  Journal of Integrative Environmental Sciences,  10(2):77–91. 

Qiu, X., Duan, L., Gao, J., Wang, S., Chai, F., Hu, J., Zhang, J., & Yun, Y.  2016.  Chemical composition 

and source apportionment of PM10 and PM2.5 in different functional areas of Lanzhou, China.  Journal 

of Environmental Sciences,  40:75–83. 

Rafaj, P., Kiesewetter, G., Gül, T., Schöpp, W., Cofala, J., Klimont, Z., Purohit, P., Heyes, C., Amann, M., 

Borken-Kleefeld, J., & Cozzi, L.  2018.  Outlook for clean air in the context of sustainable 

development goals.  Global Environmental Change.  53:1–11. 

Rao, S., Chirkov, V., Dentener, F., van Dingenen, R., Pachauri, S., Purohit, P., Amann, M., Heyes, C., 

Kinney, P., Kolp, P., Klimont, Z., Riahi, K., & Schoepp, W.  2012.  Environmental modeling and 

methods for estimation of the global health impacts of air pollution.  Environmental Modeling and 

Assessment,  17(6):613–622. 

Reff, A., Eberly, S.I., & Bhave, P. V.  2007.  Receptor modeling of ambient particulate matter data using 

positive matrix factorization: Review of existing methods.  Journal of the Air and Waste Management 

Association,  57(2):146–154. 

Reis, S., Grennfelt, P., Klimont, Z., Amann, M., ApSimon, H., Hettelingh, J.P., Holland, M., LeGall, A.C., 

Maas, R., Posch, M., Spranger, T., Sutton, M.A., & Williams, M.  2012.  From acid rain to climate 

change.  Science,  338(6111):1153–1154. 

Research Triangle Institute.  2009.  Standard operating procedure for the X-Ray Fluorescence Analysis of 

particulate matter deposits on teflon filters.  North Carolina.  

https://www3.epa.gov/ttn/amtic/files/ambient/pm25/spec/pmxrfsop.pdf  Date of access: 20 May. 

2018. 

Rodseth, C., Notten, P., & von Blottnitz, H.  2020.  A revised approach for estimating informally disposed 

domestic waste in rural versus urban South Africa and implications for waste management.  South 

African Journal of Science.  116(1–2):1–6. 

Rood, A.S.  2014.  Performance evaluation of AERMOD, CALPUFF, and legacy air dispersion models 

using the Winter Validation Tracer Study dataset.  Atmospheric Environment,  89:707–720. 

Scire, J.S., Strimaitis, D.G., & Yamartino, R.J.  2000.  A User’s guide for the CALPUFF dispersion model 

(Version 5).  Massachusetts, MA. 

Scorgie, Y.  2012.  Urban air quality management and planning in South Africa.  Johannesburg: 

University of Johannesburg.  (Thesis–PhD). 

Scorgie, Y., Kneen, M., Annegarn, H.J., & Burger, L.  2003.  Air pollution in the Vaal Triangle - 

Quantifying source contributions and identifying cost-effective solutions.  Clean Air Journal,  13(1):5–

18. 

Seinfeld, J.I. & Pandis, S.N.  1998.  Atmospheric chemistry and physics: From air pollution to climate 

change.  New York: John Wiley & Sons Inc. 

Seinfeld, J.H. & Pandis, S.N.  2016.  Atmospheric chemistry and physics : From air pollution to climate 

change.  Third edition. ed.  John Wiley & Sons, Incorporated. 

https://www3.epa.gov/ttn/amtic/files/ambient/pm25/spec/pmxrfsop.pdf


 

121 

She, Q., Choi, M., Belle, J.H., Xiao, Q., Bi, J., Huang, K., Meng, X., Geng, G., Kim, J., He, K., Liu, M., & 

Liu, Y.  2020.  Satellite-based estimation of hourly PM2.5 levels during heavy winter pollution 

episodes in the Yangtze River Delta, China. Chemosphere,  239. 

Shi, W., Wong, M.S., Wang, J., & Zhao, Y.  2012.  Analysis of airborne particulate matter (PM2.5) over 

Hong Kong using remote sensing and GIS.  Sensors,  12(6):6825–6836. 

Shisong, C., Wenji, Z., Hongliang, G., Deyong, H., You, M., Wenhui, Z., & Shanshan, L.  2018.  

Comparison of remotely sensed PM2.5 concentrations between developed and developing countries: 

Results from the US, Europe, China, and India.  Journal of Cleaner Production,  182:672–681. 

Silverman, D.T.  2017.  Diesel exhaust causes lung cancer: Now what?  Occupational and Environmental 

Medicine,  74(4):233–234. 

Simon, H., Allen, D.T., & Wittig, A.E.  2008.  Fine particulate matter emissions inventories: Comparisons 

of emissions estimates with observations from recent field programs.  Journal of the Air and Waste 

Management Association,  58(2):320–343. 

Simon, H., Beck, L., Bhave, P. V., Divita, F., Hsu, Y., Luecken, D., David Mobley, J., Pouliot, G.A., Reff, 

A., Sarwar, G., & Strum, M.  2010.  The development and uses of EPA’s SPECIATE database.  

Atmospheric Pollution. Research,  1(4):196–206. 

Simpson, D., Benedictow, A., Berge, H., Bergström, R., Emberson, L.D., Fagerli, H., Flechard, C.R., 

Hayman, G.D., Gauss, M., Jonson, J.E., Jenkin, M.E., Nyúri, A., Richter, C., Semeena, V.S., Tsyro, 

S., Tuovinen, J.P., Valdebenito, A., & Wind, P.  2012.  The EMEP MSC-W chemical transport model 

– technical description.  Atmospheric Chemistry and Physics,  12(16):7825–7865. 

Sinha, P.R., Gupta, P., Kaskaoutis, D.G., Sahu, L.K., Nagendra, N., Manchanda, R.K., Kumar, Y.B., & 

Sreenivasan, S.  2015.  Estimation of particulate matter from satellite- and ground-based 

observations over Hyderabad, India.  International Journal of Remote Sensing,  36(24):6192–6213. 

Snider, G., Weagle, C.L., Martin, R. V., Van Donkelaar, A., Conrad, K., Cunningham, D., Gordon, C., 

Zwicker, M., Akoshile, C., Artaxo, P., Anh, N.X., Brook, J., Dong, J., Garland, R.M., Greenwald, R., 

Griffith, D., He, K., Holben, B.N., Kahn, R., Koren, I., Lagrosas, N., Lestari, P., Ma, Z., Vanderlei 

Martins, J., Quel, E.J., Rudich, Y., Salam, A., Tripathi, S.N., Yu, C., Zhang, Q., Zhang, Y., Brauer, M., 

Cohen, A., Gibson, M.D., & Liu, Y.  2015.  SPARTAN: A global network to evaluate and enhance 

satellite-based estimates of ground-level particulate matter for global health applications.  

Atmospheric Measurement Techniques,  8(1):505–521. 

South Africa.  2006.  Declaration of the Vaal triangle air-shed priority area in terms of section 18(1) of the 

National Environmental Management: Air Quality Act 2004, (Act no. 39 OF 2004).  (Notice 365).  

Government Gazette.  28732,  21 Apr. 

South Africa.  2009.  Vaal Triangle air-shed priority area air quality management plan.  (Notice 1241).  

Government Gazette.  31615,  21 Nov. 

South Africa.  2013.  The 2012 national framework for air quality management in the Republic of South 

Africa.  (Notice 919)  Government Gazette.  37078,  29 Nov. 

South Africa.  2014.  Regulations regarding air dispersion modelling.  (Notice 533)  Government Gazette.  

37804,  11 Jul. 

Squizzato, S., Masiol, M., Rich, D.Q., & Hopke, P.K.  2018.  A long-term source apportionment of PM2.5 in 

New York State during 2005–2016.  Atmospheric Environment,  192:35–47. 



 

122 

Srimuruganandam, B. & Shiva Nagendra, S.M.  2012.  Source characterization of PM10 and PM2.5 mass 

using a chemical mass balance model at urban roadside.  Science of the Total Environment,  433:8–

19. 



 

123 

Stanaway, J.D., Afshin, A., Gakidou, E., Lim, S.S., Abate, D., Abate, K.H., Abbafati, C., Abbasi, N., 

Abbastabar, H., Abd-Allah, F., Abdela, J., Abdelalim, A., Abdollahpour, I., Abdulkader, R.S., Abebe, 

M., Abebe, Z., Abera, S.F., Abil, O.Z., Abraha, H.N., Abrham, A.R., Abu-Raddad, L.J., Abu-Rmeileh, 

N.M.E., Accrombessi, M.M.K., Acharya, D., Acharya, P., Adamu, A.A., Adane, A.A., Adebayo, O.M., 

Adedoyin, R.A., Adekanmbi, V., Ademi, Z., Adetokunboh, O.O., Adib, M.G., Admasie, A., Adsuar, 

J.C., Afanvi, K.A., Afarideh, M., Agarwal, G., Aggarwal, A., Aghayan, S.A., Agrawal, A., Agrawal, S., 

Ahmadi, A., Ahmadi, M., Ahmadieh, H., Ahmed, M.B., Aichour, A.N., Aichour, I., Aichour, M.T.E., 

Akbari, M.E., Akinyemiju, T., Akseer, N., Al-Aly, Z., Al-Eyadhy, A., Al-Mekhlafi, H.M., Alahdab, F., 

Alam, K., Alam, S., Alam, T., Alashi, A., Alavian, S.M., Alene, K.A., Ali, K., Ali, S.M., Alijanzadeh, M., 

Alizadeh-Navaei, R., Aljunid, S.M., Alkerwi, A., Alla, F., Alsharif, U., Altirkawi, K., Alvis-Guzman, N., 

Amare, A.T., Ammar, W., Anber, N.H., Anderson, J.A., Andrei, C.L., Androudi, S., Animut, M.D., 

Anjomshoa, M., Ansha, M.G., Antó, J.M., Antonio, C.A.T., Anwari, P., Appiah, L.T., Appiah, S.C.Y., 

Arabloo, J., Aremu, O., Ärnlöv, J., Artaman, A., Aryal, K.K., Asayesh, H., Ataro, Z., Ausloos, M., 

Avokpaho, E.F.G.A., Awasthi, A., Quintanilla, B.P.A., Ayer, R., Ayuk, T.B., Azzopardi, P.S., 

Babazadeh, A., Badali, H., Badawi, A., Balakrishnan, K., Bali, A.G., Ball, K., Ballew, S.H., Banach, 

M., Banoub, J.A.M., Barac, A., Barker-Collo, S.L., Bärnighausen, T.W., Barrero, L.H., Basu, S., 

Baune, B.T., Bazargan-Hejazi, S., Bedi, N., Beghi, E., Behzadifar, M., Behzadifar, M., Béjot, Y., 

Bekele, B.B., Bekru, E.T., Belay, E., Belay, Y.A., Bell, M.L., Bello, A.K., Bennett, D.A., Bensenor, 

I.M., Bergeron, G., Berhane, A., Bernabe, E., Bernstein, R.S., Beuran, M., Beyranvand, T., Bhala, N., 

Bhalla, A., Bhattarai, S., Bhutta, Z.A., Biadgo, B., Bijani, A., Bikbov, B., Bilano, V., Bililign, N., 

Sayeed, M.S. Bin, Bisanzio, D., Biswas, T., Bjorge, T., Blacker, B.F., Bleyer, A., Borschmann, R., 

Bou-Orm, I.R., Boufous, S., Bourne, R., Brady, O.J., Brauer, M., Brazinova, A., Breitborde, N.J.K., 

Brenner, H., Briko, A.N., Britton, G., Brugha, T., Buchbinder, R., Burnett, R.T., Busse, R., Butt, Z.A., 

Cahill, L.E., Cahuana-Hurtado, L., Campos-Nonato, I.R., Cárdenas, R., Carreras, G., Carrero, J.J., 

Carvalho, F., Castaneda-Orjuela, C.A., Rivas, J.C., Castro, F., Catalá-López, F., Causey, K., Cercy, 

K.M., Cerin, E., Chaiah, Y., Chang, H.Y., Chang, J.C., Chang, K.L., Charlson, F.J., Chattopadhyay, 

A., Chattu, V.K., Chee, M.L., Cheng, C.Y., Chew, A., Chiang, P.P.C., Chimed-Ochir, O., Chin, K.L., 

Chitheer, A., Choi, J.Y.J., Chowdhury, R., Christensen, H., Christopher, D.J., Chung, S.C., Cicuttini, 

F.M., Cirillo, M., Cohen, A.J., Collado-Mateo, D., Cooper, C., Cooper, O.R., Coresh, J., Cornaby, L., 

Cortesi, P.A., Cortinovis, M., Costa, M., Cousin, E., Criqui, M.H., Cromwell, E.A., Cundiff, D.K., Daba, 

A.K., Dachew, B.A., Dadi, A.F., Damasceno, A.A.M., Dandona, L., Dandona, R., Darby, S.C., 

Dargan, P.I., Daryani, A., Gupta, R. Das, Neves, J. Das, Dasa, T.T., Dash, A.P., Davitoiu, D.V., 

Davletov, K., De La Cruz-Góngora, V., La Hoz, F.P. De, Leo, D. De, Neve, J.W. De, Degenhardt, L., 

Deiparine, S., Dellavalle, R.P., Demoz, G.T., Denova-Gutiérrez, E., Deribe, K., Dervenis, N., 

Deshpande, A., Jarlais, D.C.D., Dessie, G.A., Deveber, G.A., Dey, S., Dharmaratne, S.D., Dhimal, 

M., Dinberu, M.T., Ding, E.L., Diro, H.D., Djalalinia, S., Do, H.P., Dokova, K., Doku, D.T., Doyle, K.E., 

Driscoll, T.R., Dubey, M., Dubljanin, E., Duken, E.E., Duncan, B.B., Duraes, A.R., Ebert, N., 

Ebrahimi, H., Ebrahimpour, S., Edvardsson, D., Effiong, A., Eggen, A.E., Bcheraoui, C. El, El-Khatib, 

Z., Elyazar, I.R., Enayati, A., Endries, A.Y., Er, B., Erskine, H.E., Eskandarieh, S., Esteghamati, A., 

Estep, K., Fakhim, H., Faramarzi, M., Fareed, M., Farid, T.A., Farinha, C.S.E., Farioli, A., Faro, A., 

Farvid, M.S., Farzaei, M.H., Fatima, B., Fay, K.A., Fazaeli, A.A., Feigin, V.L., Feigl, A.B., 

Fereshtehnejad, S.M., Fernandes, E., Fernandes, J.C., Ferrara, G., Ferrari, A.J., Ferreira, M.L., Filip, 

I., Finger, J.D., Fischer, F., Foigt, N.A., Foreman, K.J., Fukumoto, T., Fullman, N., Fürst, T., Furtado, 

J.M., Futran, N.D., Gall, S., Gallus, S., Gamkrelidze, A., Ganji, M., Garcia-Basteiro, A.L., Gardner, 

W.M., Gebre, A.K., Gebremedhin, A.T., Gebremichael, T.G., Gelano, T.F., Geleijnse, J.M., Geramo, 

Y.C.D., Gething, P.W., Gezae, K.E., Ghadimi, R., Ghadiri, K., Falavarjani, K.G., Ghasemi-Kasman, 



 

124 

M., Ghimire, M., Ghosh, R., Ghoshal, A.G., Giampaoli, S., Gill, P.S., Gill, T.K., Gillum, R.F., Ginawi, 

I.A., Giussani, G., Gnedovskaya, E. V., Godwin, W.W., Goli, S., Gómez-Dantés, H., Gona, P.N., 

Gopalani, S.V., Goulart, A.C., Grada, A., Grams, M.E., Grosso, G., Gugnani, H.C., Guo, Y., Gupta, 

R., Gupta, R., Gupta, T., Gutiérrez, R.A., Gutiérrez-Torres, D.S., Haagsma, J.A., Habtewold, T.D., 

Hachinski, V., Hafezi-Nejad, N., Hagos, T.B., Hailegiyorgis, T.T., Hailu, G.B., Haj-Mirzaian, A., Haj-

Mirzaian, A., Hamadeh, R.R., Hamidi, S., Handal, A.J., Hankey, G.J., Hao, Y., Harb, H.L., 

Harikrishnan, S., Haro, J.M., Hassankhani, H., Hassen, H.Y., Havmoeller, R., Hawley, C.N., Hay, 

S.I., Hedayatizadeh-Omran, A., Heibati, B., Heidari, B., Heidari, M., Hendrie, D., Henok, A., Heredia-

Pi, I., Herteliu, C., Heydarpour, F., Heydarpour, S., Hibstu, D.T., Higazi, T.B., Hilawe, E.H., Hoek, 

H.W., Hoffman, H.J., Hole, M.K., Rad, E.H., Hoogar, P., Hosgood, H.D., Hosseini, S.M., 

Hosseinzadeh, M., Hostiuc, M., Hostiuc, S., Hoy, D.G., Hsairi, M., Hsiao, T., Hu, G., Hu, H., Huang, 

J.J., Hussen, M.A., Huynh, C.K., Iburg, K.M., Ikeda, N., Ilesanmi, O.S., Iqbal, U., Irvani, S.S.N., 

Irvine, C.M.S., Islam, S.M.S., Islami, F., Jackson, M.D., Jacobsen, K.H., Jahangiry, L., Jahanmehr, 

N., Jain, S.K., Jakovljevic, M., James, S.L., Jassal, S.K., Jayatilleke, A.U., Jeemon, P., Jha, R.P., 

Jha, V., Ji, J.S., Jonas, J.B., Jonnagaddala, J., Shushtari, Z.J., Joshi, A., Jozwiak, J.J., Jürisson, M., 

Kabir, Z., Kahsay, A., Kalani, R., Kanchan, T., Kant, S., Kar, C., Karami, M., Matin, B.K., Karch, A., 

Karema, C., Karimi, N., Karimi, S.M., Kasaeian, A., Kassa, D.H., Kassa, G.M., Kassa, T.D., 

Kassebaum, N.J., Katikireddi, S.V., Kaul, A., Kawakami, N., Kazemi, Z., Karyani, A.K., Kefale, A.T., 

Keiyoro, P.N., Kemp, G.R., Kengne, A.P., Keren, A., Kesavachandran, C.N., Khader, Y.S., Khafaei, 

B., Khafaie, M.A., Khajavi, A., Khalid, N., Khalil, I.A., Khan, G., Khan, M.S., Khan, M.A., Khang, Y.H., 

Khater, M.M., Khazaei, M., Khazaie, H., Khoja, A.T., Khosravi, A., Khosravi, M.H., Kiadaliri, A.A., 

Kiirithio, D.N., Kim, C. Il, Kim, D., Kim, Y.E., Kim, Y.J., Kimokoti, R.W., Kinfu, Y., Kisa, A., Kissimova-

Skarbek, K., Kivimäki, M., Knibbs, L.D., Knudsen, A.K.S., Kochhar, S., Kokubo, Y., Kolola, T., Kopec, 

J.A., Kosen, S., Koul, P.A., Koyanagi, A., Kravchenko, M.A., Krishan, K., Krohn, K.J., Kromhout, H., 

Defo, B.K., Bicer, B.K., Kumar, G.A., Kumar, M., Kuzin, I., Kyu, H.H., Lachat, C., Lad, D.P., Lad, 

S.D., Lafranconi, A., Lalloo, R., Lallukka, T., Lami, F.H., Lang, J.J., Lansingh, V.C., Larson, S.L., 

Latifi, A., Lazarus, J. V., Lee, P.H., Leigh, J., Leili, M., Leshargie, C.T., Leung, J., Levi, M., Lewycka, 

S., Li, S., Li, Y., Liang, J., Liang, X., Liao, Y., Liben, M.L., Lim, L.L., Linn, S., Liu, S., Lodha, R., 

Logroscino, G., Lopez, A.D., Lorkowski, S., Lotufo, P.A., Lozano, R., Lucas, T.C.D., Lunevicius, R., 

Ma, S., Macarayan, E.R.K., Machado, Í.E., Madotto, F., Mai, H.T., Majdan, M., Majdzadeh, R., 

Majeed, A., Malekzadeh, R., Malta, D.C., Mamun, A.A., Manda, A.L., Manguerra, H., Mansournia, 

M.A., Mantovani, L.G., Maravilla, J.C., Marcenes, W., Marks, A., Martin, R. V., Martins, S.C.O., 

Martins-Melo, F.R., März, W., Marzan, M.B., Massenburg, B.B., Mathur, M.R., Mathur, P., 

Matsushita, K., Maulik, P.K., Mazidi, M., Mcalinden, C., Mcgrath, J.J., Mckee, M., Mehrotra, R., 

Mehta, K.M., Mehta, V., Meier, T., Mekonnen, F.A., Melaku, Y.A., Melese, A., Melku, M., Memiah, 

P.T.N., Memish, Z.A., Mendoza, W., Mengistu, D.T., Mensah, G.A., Mensink, G.B.M., Mereta, S.T., 

Meretoja, A., Meretoja, T.J., Mestrovic, T., Mezgebe, H.B., Miazgowski, B., Miazgowski, T., Millear, 

A.I., Miller, T.R., Miller-Petrie, M.K., Mini, G.K., Mirarefin, M., Mirica, A., Mirrakhimov, E.M., 

Misganaw, A.T., Mitiku, H., Moazen, B., Mohajer, B., Mohammad, K.A., Mohammadi, M., 

Mohammadifard, N., Mohammadnia-Afrouzi, M., Mohammed, S., Mohebi, F., Mokdad, A.H., 

Molokhia, M., Momeniha, F., Monasta, L., Moodley, Y., Moradi, G., Moradi-Lakeh, M., Moradinazar, 

M., Moraga, P., Morawska, L., Morgado-Da-costa, J., Morrison, S.D., Moschos, M.M., Mouodi, S., 

Mousavi, S.M., Mozaffarian, D., Mruts, K.B., Muche, A.A., Muchie, K.F., Mueller, U.O., Muhammed, 

O.S., Mukhopadhyay, S., Muller, K., Musa, K.I., Mustafa, G., Nabhan, A.F., Naghavi, M., Naheed, A., 

Nahvijou, A., Naik, G., Naik, N., Najafi, F., Nangia, V., Nansseu, J.R., Nascimento, B.R., Neal, B., 

Neamati, N., Negoi, I., Negoi, R.I., Neupane, S., Newton, C.R.J., Ngunjiri, J.W., Nguyen, A.Q., 



 

125 

Nguyen, G., Nguyen, H.T., Nguyen, H.L.T., Nguyen, H.T., Nguyen, M., Nguyen, N.B., Nichols, E., 

Nie, J., Ningrum, D.N.A., Nirayo, Y.L., Nishi, N., Nixon, M.R., Nojomi, M., Nomura, S., Norheim, O.F., 

Noroozi, M., Norrving, B., Noubiap, J.J., Nouri, H.R., Shiadeh, M.N., Nowroozi, M.R., Nsoesie, E.O., 

Nyasulu, P.S., Obermeyer, C.M., Odell, C.M., Ofori-Asenso, R., Ogbo, F.A., Oh, I.H., Oladimeji, O., 

Olagunju, A.T., Olagunju, T.O., Olivares, P.R., Olsen, H.E., Olusanya, B.O., Olusanya, J.O., Ong, 

K.L., Ong, S.K., Oren, E., Orpana, H.M., Ortiz, A., Ota, E., Otstavnov, S.S., Overland, S., Owolabi, 

M.O., Mahesh, P., Pacella, R., Pakhare, A.P., Pakpour, A.H., Pana, A., Panda-Jonas, S., Park, E.K., 

Parry, C.D.H., Parsian, H., Patel, S., Pati, S., Patil, S.T., Patle, A., Patton, G.C., Paudel, D., Paulson, 

K.R., Ballesteros, W.C.P., Pearce, N., Pereira, A., Pereira, D.M., Perico, N., Pesudovs, K., Petzold, 

M., Pham, H.Q., Phillips, M.R., Pillay, J.D., Piradov, M.A., Pirsaheb, M., Pischon, T., Pishgar, F., 

Plana-Ripoll, O., Plass, D., Polinder, S., Polkinghorne, K.R., Postma, M.J., Poulton, R., Pourshams, 

A., Poustchi, H., Prabhakaran, D., Prakash, S., Prasad, N., Purcell, C.A., Purwar, M.B., Qorbani, M., 

Radfar, A., Rafay, A., Rafiei, A., Rahim, F., Rahimi, Z., Rahimi-Movaghar, A., Rahimi-Movaghar, V., 

Rahman, M., Rahman, M.H.U., Rahman, M.A., Rai, R.K., Rajati, F., Rajsic, S., Raju, S.B., Ram, U., 

Ranabhat, C.L., Ranjan, P., Rath, G.K., Rawaf, D.L., Rawaf, S., Reddy, K.S., Rehm, C.D., Rehm, J., 

Reiner, R.C., Reitsma, M.B., Remuzzi, G., Renzaho, A.M.N., Resnikoff, S., Reynales-Shigematsu, 

L.M., Rezaei, S., Ribeiro, A.L.P., Rivera, J.A., Roba, K.T., Rodríguez-Ramírez, S., Roever, L., 

Román, Y., Ronfani, L., Roshandel, G., Rostami, A., Roth, G.A., Rothenbacher, D., Roy, A., 

Rubagotti, E., Rushton, L., Sabanayagam, C., Sachdev, P.S., Saddik, B., Sadeghi, E., Moghaddam, 

S.S., Safari, H., Safari, Y., Safari-Faramani, R., Safdarian, M., Safi, S., Safiri, S., Sagar, R., 

Sahebkar, A., Sahraian, M.A., Sajadi, H.S., Salam, N., Salamati, P., Saleem, Z., Salimi, Y., 

Salimzadeh, H., Salomon, J.A., Salvi, D.D., Salz, I., Samy, A.M., Sanabria, J., Sanchez-Nino, M.D., 

Sánchez-Pimienta, T.G., Sanders, T., Sang, Y., Santomauro, D.F., Santos, I.S., Santos, J.V., 

Milicevic, M.M.S., Jose, B.P.S., Sardana, M., Sarker, A.R., Sarmiento-Suárez, R., Sarrafzadegan, N., 

Sartorius, B., Sarvi, S., Sathian, B., Satpathy, M., Sawant, A.R., Sawhney, M., Saylan, M., Sayyah, 

M., Schaeffner, E., Schmidt, M.I., Schneider, I.J.C., Schöttker, B., Schutte, A.E., Schwebel, D.C., 

Schwendicke, F., Scott, J.G., Seedat, S., Sekerija, M., Sepanlou, S.G., Serre, M.L., Serván-Mori, E., 

Seyedmousavi, S., Shabaninejad, H., Shaddick, G., Shafieesabet, A., Shahbazi, M., Shaheen, A.A., 

Shaikh, M.A., Levy, T.S., Shams-Beyranvand, M., Shamsi, M., Sharafi, H., Sharafi, K., Sharif, M., 

Sharif-Alhoseini, M., Sharifi, H., Sharma, J., Sharma, M., Sharma, R., She, J., Sheikh, A., Shi, P., 

Shibuya, K., Shiferaw, M.S., Shigematsu, M., Shin, M.J., Shiri, R., Shirkoohi, R., Shiue, I., 

Shokraneh, F., Shoman, H., Shrime, M.G., Shupler, M.S., Si, S., Siabani, S., Sibai, A.M., Siddiqi, 

T.J., Sigfusdottir, I.D., Sigurvinsdottir, R., Silva, D.A.S., Silva, J.P., Silveira, D.G.A., Singh, J.A., 

Singh, N.P., Singh, V., Sinha, D.N., Skiadaresi, E., Skirbekk, V., Smith, D.L., Smith, M., Sobaih, B.H., 

Sobhani, S., Somayaji, R., Soofi, M., Sorensen, R.J.D., Soriano, J.B., Soyiri, I.N., Spinelli, A., 

Sposato, L.A., Sreeramareddy, C.T., Srinivasan, V., Starodubov, V.I., Steckling, N., Stein, D.J., 

Stein, M.B., Stevanovic, G., Stockfelt, L., Stokes, M.A., Sturua, L., Subart, M.L., Sudaryanto, A., 

Sufiyan, M.B., Sulo, G., Sunguya, B.F., Sur, P.J., Sykes, B.L., Szoeke, C.E.I., Tabarés-Seisdedos, 

R., Tabuchi, T., Tadakamadla, S.K., Takahashi, K., Tandon, N., Tassew, S.G., Tavakkoli, M., 

Taveira, N., Tehrani-Banihashemi, A., Tekalign, T.G., Tekelemedhin, S.W., Tekle, M.G., Temesgen, 

H., Temsah, M.H., Temsah, O., Terkawi, A.S., Tessema, B., Teweldemedhin, M., Thankappan, K.R., 

Theis, A., Thirunavukkarasu, S., Thomas, H.J., Thomas, M.L., Thomas, N., Thurston, G.D., Tilahun, 

B., Tillmann, T., To, Q.G., Tobollik, M., Tonelli, M., Topor-Madry, R., Torre, A.E., Tortajada-Girbés, 

M., Touvier, M., Tovani-Palone, M.R., Towbin, J.A., Tran, B.X., Tran, K.B., Truelsen, T.C., Truong, 

N.T., Tsadik, A.G., Car, L.T., Tuzcu, E.M., Tymeson, H.D., Tyrovolas, S., Ukwaja, K.N., Ullah, I., 

Updike, R.L., Usman, M.S., Uthman, O.A., Vaduganathan, M., Vaezi, A., Valdez, P.R., Van 



 

126 

Donkelaar, A., Varavikova, E., Varughese, S., Vasankari, T.J., Venkateswaran, V., 

Venketasubramanian, N., Villafaina, S., Violante, F.S., Vladimirov, S.K., Vlassov, V., Vollset, S.E., 

Vos, T., Vosoughi, K., Vu, G.T., Vujcic, I.S., Wagnew, F.S., Waheed, Y., Waller, S.G., Walson, J.L., 

Wang, Y., Wang, Y., Wang, Y.P., Weiderpass, E., Weintraub, R.G., Weldegebreal, F., Werdecker, 

A., Werkneh, A.A., West, J.J., Westerman, R., Whiteford, H.A., Widecka, J., Wijeratne, T., Winkler, 

A.S., Wiyeh, A.B., Wiysonge, C.S., Wolfe, C.D.A., Wong, T.Y., Wu, S., Xavier, D., Xu, G., Yadgir, S., 

Yadollahpour, A., Jabbari, S.H.Y., Yamada, T., Yan, L.L., Yano, Y., Yaseri, M., Yasin, Y.J., 

Yeshaneh, A., Yimer, E.M., Yip, P., Yisma, E., Yonemoto, N., Yoon, S.J., Yotebieng, M., Younis, 

M.Z., Yousefifard, M., Yu, C., Zaidi, Z., Zaman, S. Bin, Zamani, M., Zavala-Arciniega, L., Zhang, A.L., 

Zhang, H., Zhang, K., Zhou, M., Zimsen, S.R.M., Zodpey, S., & Murray, C.J.L.  2018.  Global, 

regional, and national comparative risk assessment of 84 behavioural, environmental and 

occupational, and metabolic risks or clusters of risks for 195 countries and territories, 1990-2017: A 

systematic analysis for the Global Burden of Disease Study 2017.  Lancet,  392(10159):1923–1994. 

Stanek, L.W., Sacks, J.D., Dutton, S.J., & Dubois, J.J.B.  2011.  Attributing health effects to apportioned 

components and sources of particulate matter: An evaluation of collective results.  Atmospheric 

Environment.  Elsevier Ltd.  45(32):5655–5663. 

Statistics South Africa.  2012.  Census 2011 statistical release—P0301.4/ Statistics South Africa.  

Pretoria. 

Statistics South Africa.  2016.  Community Survey 2016 statistical release—P0301/ Statistics South 

Africa.  Pretoria. 

Stirnberg, R., Cermak, J., & Andersen, H.  2018.  An analysis of factors influencing the relationship 

between satellite-derived AOD and ground-level PM10.  Remote Sensing  10(9). 

Streets, D.G., Canty, T., Carmichael, G.R., De Foy, B., Dickerson, R.R., Duncan, B.N., Edwards, D.P., 

Haynes, J.A., Henze, D.K., Houyoux, M.R., Jacob, D.J., Krotkov, N.A., Lamsal, L.N., Liu, Y., Lu, Z., 

Martin, R. V., Pfister, G.G., Pinder, R.W., Salawitch, R.J., & Wecht, K.J.  2013.  Emissions estimation 

from satellite retrievals: A review of current capability.  Atmospheric Environment,  77:1011–1042. 

Taiwo, A.M., Harrison, R.M., & Shi, Z.  2014.  A review of receptor modelling of industrially emitted 

particulate matter.  Atmospheric Environment,  97:109–120. 

Tang, I.N., Tridico, A.C., & Fung, K.H.  1997.  Thermodynamic and optical properties of sea salt aerosols.  

Journal of Geophysical Research Atmospheres.  102(19):23269–23275. 

Tesfaye, M., Sivakumar, V., Botai, J., & Mengistu Tsidu, G.  2011.  Aerosol climatology over South Africa 

based on 10 years of Multiangle Imaging Spectroradiometer (MISR) data.  Journal of Geophysical 

Research Atmospheres,  116(20):1–17. 

Thomas, R.G.  2008.  An air quality baseline assessment for the Vaal airshed in South Africa.  Pretoria: 

University of Pretoria.  (Dissertation–MSc). 

Thunis, P., Clappier, A., Tarrason, L., Cuvelier, C., Monteiro, A., Pisoni, E., Wesseling, J., Belis, C.A., 

Pirovano, G., Janssen, S., Guerreiro, C., & Peduzzi, E.  2019.  Source apportionment to support air 

quality planning: Strengths and weaknesses of existing approaches.  Environment International,  

130:1–13. 

Thunis, P., Degraeuwe, B., Pisoni, E., Trombetti, M., Peduzzi, E., Belis, C.A., Wilson, J., Clappier, A., & 

Vignati, E.  2018.  PM2.5 source allocation in European cities: A SHERPA modelling study.  

Atmospheric Environment,  187:93–106. 



 

127 

Tian, J. & Chen, D.  2010.  A semi-empirical model for predicting hourly ground-level fine particulate 

matter (PM2.5) concentration in southern Ontario from satellite remote sensing and ground-based 

meteorological measurements.  Remote Sensing of Environment,  114(2):221–229. 

Tomaschek, J., Haasz, T., Dobbins, A., & Fahl, U.  2012.  Energy related greenhouse gas inventory and 

energy balance Gauteng : 2007-2009.  Stuttgart: IER. 

Tomasi, C. & Lupi, A.  2017.  Primary and secondary sources of atmospheric aerosol.  (In  Tomasi, C., 

Fuzzi, S., Kokhanovsky, A.A. eds.  Atmospheric Aerosols: Life Cycles and Effects on Air Quality and 

Climate.  Weinheim: Wiley-VCH.). 

Tshehla, C. & Djolov, G.  2018.  Source profiling, source apportionment and cluster transport analysis to 

identify the sources of PM and the origin of air masses to an industrialised rural area in Limpopo.  

Clean Air Journal,  28(2):54–66. 

Tshehla, C. & Wright, C.Y.  2019.  15 years after the National Environmental Management Air Quality Act: 

Is legislation failing to reduce air pollution in South Africa?  South African Journal of Science,  

115(9/10):2–5. 

US EPA.  2005.  Revision to the guideline on air quality models: Adoption of a preferred general purpose 

(flat and complex terrain) dispersion model and other revisions.  , Federal Register.  

https://www.govinfo.gov/content/pkg/FR-2005-11-09/pdf/05-21627.pdf  Date of access: 15 Feb. 

2019. 

Valavanidis, A., Fiotakis, K., & Vlachogianni, T.  2008.  Airborne particulate matter and human health: 

Toxicological assessment and importance of size and composition of particles for oxidative damage 

and carcinogenic mechanisms.  Journal of Environmental Science and Health, Part C,  26(4):339–

362. 

Vallero, D.A.  2014.  Fundamentals of Air Pollution.  5th ed.  San Diego: Academic Press. 

Vallius, M.  2005.  Characteristics and sources of fine particulate matter in urban air.  Kuopio, Finland: 

National Public Health Institute and University of Kuopio  (Thesis–PhD). 

van den Berg, B.  2015.  Source apportionment of ambient particulate matter in Kwadela, Mpumalanga.  

Potchefstroom: North-West University. (Dissertation–MSc). 

Van Pelt, R.S. & Zobeck, T.M.  2007.  Chemical constituents of fugitive dust.  Environmental Monitoring 

and Assessment,  130(1–3):3–16. 

Verma, R., Vinoda, K.S., Papireddy, M., & Gowda, A.N.S.  2016.  Toxic pollutants from plastic waste- A 

review.  Procedia Environmental Sciences,  35:701–708. 

Viana, M., Kuhlbusch, T.A.J., Querol, X., Alastuey, A., Harrison, R.M., Hopke, P.K., Winiwarter, W., 

Vallius, M., Szidat, S., Prévôt, A.S.H., Hueglin, C., Bloemen, H., Wåhlin, P., Vecchi, R., Miranda, A.I., 

Kasper-Giebl, A., Maenhaut, W., & Hitzenberger, R.  2008.  Source apportionment of particulate 

matter in Europe: A review of methods and results.  Journal of Aerosol Science,  39(10):827–849. 

Vossler, T., Černikovský, L., Novák, J., & Williams, R.  2016.  Source apportionment with uncertainty 

estimates of fine particulate matter in Ostrava, Czech Republic using Positive Matrix Factorization.  

Atmospheric Pollution. Research,  7(3):503–512. 

Walton, N. & Ngcukana, N.  2009.  Waterberg District Municipality Air Quality Management Plan.  

Johannesburg: Gondwana Environmental Solutions. 

https://www.govinfo.gov/content/pkg/FR-2005-11-09/pdf/05-21627.pdf


 

128 

Wang, X., Zhong, S., Bian, X., & Yu, L.  2019.  Impact of 2015–2016 El Niño and 2017–2018 La Niña on 

PM2.5 concentrations across China.  Atmospheric Environment,  208:61–73. 

Watson, J.G., Zhu, T., Chow, J.C., Engelbrecht, J., Fujita, E.M., & Wilson, W.E.  2002.  Receptor 

modeling application framework for particle source apportionment.  Chemosphere,  49(9):1093–

1136. 

Weber, S., Salameh, D., Albinet, A., Alleman, L.Y., Waked, A., Besombes, J.L., Jacob, V., Guillaud, G., 

Meshbah, B., Rocq, B., Hulin, A., Dominik-Sègue, M., Chrétien, E., Jaffrezo, J.L., & Favez, O.  2019.  

Comparison of PM10 sources profiles at 15 french sites using a harmonized constrained positive 

matrix factorization approach.  Atmosphere.  10(6):1–22. 

Whitford, J.  2009.  Air Quality Assessment Technical Study Report Durham York Residual Waste Study: 

Report No. 1009497.  

https://www.durhamyorkwaste.ca/Archive/pdfs/study/epa_studies/airquality/DurhamYork-AQ-

Technical-Report-May-14-09.pdf  Date of access: 9 Oct. 2018. 

WHO.  2006.  WHO Air quality guidelines for particulate matter, ozone, nitrogen dioxide and sulfur 

dioxide.  World Health Organisation.  https://doi.org/10.1007/s12011-019-01864-7  Date of access: 

10 Mar. 2019. 

Wiedinmyer, C., Akagi, S.K., Yokelson, R.J., Emmons, L.K., Al-Saadi, J.A., Orlando, J.J., & Soja, A.J.  

2011.  The Fire INventory from NCAR (FINN): A high resolution global model to estimate the 

emissions from open burning.  Geoscientific Model Development.  4(3):625–641. 

Willis, J.P., Feather, C.E., & Turner, K.  2014.  Guidelines for XRF analysis.  James Willis Consultants: 

Cape Town.  https://www.fluxana.de/images/pdf/DE/Leseprobe_Guidelines_for_XRF_Analysis.pdf  Date 

of access: 10 Nov. 2019. 

Winiwarter, W.  2005.  The GAINS Model for Greenhouse Gases - Version 1.0: Nitrous Oxide (N2O).  

IIASA, Laxenburg, Austria: IR-05-055.  http://pure.iiasa.ac.at/id/eprint/7783/  Date of access: 12 Nov. 

2019. 

Winstanley, T.  2010.  Air Quality.  https://www.polity.org.za/article/air-quality-2010-06-25  Date of access: 

17 May. 2019. 

Wiseman, C.L.S. & Zereini, F.  2011.  Airborne particulate matter: sources, composition and 

concentration.  (In  Zereini, F., Wiseman, C. eds.  Urban Airborne Particulate Matter: Origin, 

Chemistry, Fate and Health Impacts.  Berlin: Springer. p. 1–17). 

Worobiec, A., Potgieter-Vermaak, S.S., Berghmans, P., Winkler, H., Burger, R., & Van Grieken, R.  2011.  

Air particulate emissions in developing countries: A case study in South Africa.  Analytical Letters,  

44(11):1907–1924. 

Yi, L., Mengfan, T., Kun, Y., Yu, Z., Xiaolu, Z., Miao, Z., & Yan, S.,  2019.  Research on PM2.5 estimation 

and prediction method and changing characteristics analysis under long temporal and large spatial 

scale - A case study in China typical regions. Science of the Total Environment,  696, 133983. 

Yu, L., Wang, G., Zhang, R., Zhang, L., Song, Y., Wu, B., Li, X., An, K., & Chu, J.  2013.  Characterization 

and source apportionment of PM2.5 in an urban environment in Beijing.  Aerosol and Air Quality 

Research,  13(2):574–583. 

Yu, X., Wang, Z., Zhang, H., & Zhao, S.  2019.  Impacts of different types and intensities of El Niño 

events on winter aerosols over China.  Science of the Total Environment,  655:766–780. 

https://www.durhamyorkwaste.ca/Archive/pdfs/study/epa_studies/airquality/DurhamYork-AQ-Technical-Report-May-14-09.pdf
https://www.durhamyorkwaste.ca/Archive/pdfs/study/epa_studies/airquality/DurhamYork-AQ-Technical-Report-May-14-09.pdf
https://doi.org/10.1007/s12011-019-01864-7
https://www.fluxana.de/images/pdf/DE/Leseprobe_Guidelines_for_XRF_Analysis.pdf
http://pure.iiasa.ac.at/id/eprint/7783/
https://www.polity.org.za/article/air-quality-2010-06-25


 

129 

Zhu, T., Melamed, M., Parrish, D., Gauss, M., Klenner, L.G., Lawrence, M., Konare, A., & Liousse, C.  

2012.  WMO/IGAC Impacts of megacities on air pollution and climate: GAW Report No. 205.  

Geneva: World Meteorological Organization.  https://igacproject.org/sites/default/files/2016-

07/GAW%20Report%20205.pdf  Date of access: 2 May. 2019. 

Zhu, Y., Huang, L., Li, J., Ying, Q., Zhang, H., Liu, X., Liao, H., Li, N., Liu, Z., Mao, Y., Fang, H., & Hu, J.  

2018.  Sources of particulate matter in China: Insights from source apportionment studies published 

in 1987–2017.  Environment International,  115:343–357. 

Zou, B.B., Huang, X.F., Zhang, B., Dai, J., Zeng, L.W., Feng, N., & He, L.Y.  2017.  Source apportionment 

of PM2.5 pollution in an industrial city in southern China.  Atmospheric Pollution Research,  

8(6):1193–1202. 

  

https://igacproject.org/sites/default/files/2016-07/GAW%20Report%20205.pdf
https://igacproject.org/sites/default/files/2016-07/GAW%20Report%20205.pdf


 

130 

ANNEXURE I: STATISTICAL SUMMARY OF ELEMENTAL AND IONIC 

CONCENTRATIONS 

Supplementary table 1: Day time mean PM10-2.5 elemental and ionic concentrations and standard 

deviation at all sampling sites during the summer period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 1.59 1.22 1.89 1.09 2.14 1.69 1.95 1.51 

Mg 0.76 0.54 0.82 0.39 1.11 0.73 0.90 0.62 

Al 1.55 1.25 2.17 0.99 1.86 1.04 1.72 1.02 

Si 5.24 3.92 6.57 2.80 5.81 3.15 5.57 3.13 

P 0.03 0.02 0.04 0.02 0.04 0.02 0.04 0.02 

S 1.58 1.23 1.95 1.13 2.14 1.28 2.03 1.47 

Cl 0.07 0.05 0.11 0.07 0.37 0.44 0.11 0.11 

K 0.43 0.26 0.54 0.21 0.52 0.28 0.45 0.22 

Ca 0.99 0.66 1.12 0.39 1.75 1.14 1.33 0.70 

Ti 0.06 0.05 0.09 0.04 0.08 0.05 0.08 0.04 

V 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 

Cr 0.32 1.24 0.25 0.92 0.31 1.20 0.32 1.24 

Mn 0.05 0.04 0.07 0.08 0.07 0.04 0.03 0.03 

Fe 1.80 3.45 2.07 2.84 2.14 3.29 1.67 3.54 

Ni 0.09 0.34 0.08 0.30 0.08 0.32 0.09 0.35 

Cu 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Zn 0.10 0.08 0.10 0.08 0.24 0.29 0.08 0.08 

Pb 0.01 0.02 0.02 0.03 0.01 0.02 0.02 0.02 

F- 1.27 0.87 1.08 0.40 1.24 0.67 1.59 0.93 

Cl- 0.05 0.16 0.01 0.01 0.04 0.05 0.01 0.01 

SO4
2- 4.50 3.76 5.74 3.55 5.75 3.51 4.37 3.90 

NO3
- 0.04 0.09 0.09 0.14 0.16 0.22 0.86 1.95 

CH3COO- 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 

HCOO− 0.02 0.05 0.01 0.01 0.02 0.01 0.01 0.01 

C2O4
2− 0.16 0.08 0.14 0.11 0.16 0.08 0.12 0.08 

Na+ 0.14 0.15 0.16 0.11 0.17 0.14 0.13 0.13 

NH4
+ 1.34 1.18 1.88 1.28 1.83 1.07 1.45 1.30 

K+ 0.09 0.05 0.11 0.05 0.13 0.08 0.08 0.06 

Mg2
+ 0.10 0.15 0.09 0.04 0.12 0.07 0.07 0.06 

Ca2
+ 0.52 0.36 0.57 0.23 0.79 0.53 0.54 0.41 

PM 36.15 23.6 32.22 21.3 42.89 23.29 39.85 18.84 
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Supplementary table 2: Day time mean PM2.5 elemental and ionic concentrations and standard 

deviation at all sampling sites during the summer period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 0.15 0.20 0.17 0.29 0.16 0.31 0.06 0.19 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.09 

Al 0.18 0.17 0.38 1.19 0.07 0.09 0.67 2.34 

Si 0.77 0.54 0.60 0.55 0.27 0.25 1.77 5.12 

P 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.03 

S 1.66 1.17 1.54 1.07 1.83 1.08 1.88 1.20 

Cl 0.09 0.11 0.07 0.07 0.09 0.12 0.09 0.10 

K 0.22 0.12 0.21 0.14 0.18 0.12 0.19 0.44 

Ca 0.28 0.32 0.13 0.20 0.15 0.48 0.31 0.55 

Ti 0.03 0.05 0.03 0.04 0.04 0.04 0.05 0.10 

V 0.01 0.04 0.03 0.05 0.02 0.05 0.04 0.06 

Cr 0.03 0.14 0.05 0.15 0.13 0.35 0.08 0.24 

Mn 0.02 0.05 0.03 0.04 0.03 0.04 0.03 0.05 

Fe 0.09 0.36 0.10 0.38 0.37 1.13 0.52 1.22 

Ni 0.02 0.05 0.00 0.02 0.01 0.05 0.03 0.09 

Cu 0.05 0.12 0.06 0.10 0.05 0.08 0.07 0.11 

Zn 0.22 0.26 0.24 0.27 0.11 0.16 0.31 0.28 

Pb 0.13 0.24 0.11 0.18 0.03 0.08 0.08 0.13 

F- 0.22 0.64 0.76 2.10 0.51 0.74 2.36 3.72 

Cl- 0.03 0.05 0.00 0.01 0.02 0.02 0.03 0.04 

SO4
2- 3.80 2.95 3.71 2.95 4.01 2.67 10.14 23.13 

NO3
- 0.00 0.00 0.71 2.83 0.00 0.00 0.39 0.81 

CH3COO- 0.00 0.00 0.00 0.00 0.07 0.05 0.01 0.03 

HCOO− 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02 

C2O4
2− 0.12 0.08 0.09 0.11 0.09 0.06 0.20 0.32 

Na+ 0.04 0.02 0.03 0.08 0.06 0.07 0.69 2.31 

NH4
+ 0.66 0.73 1.18 1.90 1.10 1.05 2.90 6.20 

K+ 0.06 0.04 0.03 0.03 0.04 0.02 0.12 0.24 

Mg2
+ 0.02 0.04 0.01 0.04 0.00 0.00 0.11 0.29 

Ca2
+ 0.29 0.38 0.04 0.14 0.03 0.08 0.48 1.47 

PM 56.44 65.66 47.10 53.85 72.33 114.64 82.85 96.04 
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Supplementary table 3: Night time mean PM10-2.5 elemental and ionic concentrations, and 

standard deviation at all sampling sites during the summer period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 2.17 1.37 2.16 1.19 2.37 1.51 1.80 1.47 

Mg 0.93 0.82 0.73 0.46 1.04 0.74 0.66 0.50 

Al 1.32 0.79 1.66 0.86 1.65 1.00 1.36 0.77 

Si 4.35 2.60 5.03 2.46 4.94 3.03 4.17 2.46 

P 0.05 0.03 0.04 0.01 0.05 0.02 0.04 0.02 

S 1.74 1.27 1.96 1.29 2.40 1.28 1.76 1.18 

Cl 0.13 0.16 0.10 0.12 0.29 0.30 0.09 0.10 

K 0.44 0.25 0.48 0.20 0.50 0.27 0.36 0.18 

Ca 1.03 0.76 0.93 0.55 1.77 1.03 0.93 0.45 

Ti 0.05 0.03 0.07 0.03 0.07 0.04 0.06 0.03 

V 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 

Cr 0.02 0.04 0.02 0.04 0.02 0.03 0.01 0.02 

Mn 0.05 0.03 0.06 0.04 0.13 0.23 0.03 0.02 

Fe 0.82 0.52 0.99 0.47 1.23 0.64 0.60 0.32 

Ni 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 

Cu 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.01 

Zn 0.31 0.26 0.18 0.14 0.32 0.20 0.11 0.05 

Pb 0.04 0.04 0.02 0.02 0.02 0.03 0.01 0.02 

F- 1.37 0.79 0.92 0.40 1.41 0.72 1.22 0.64 

Cl- 0.01 0.02 0.02 0.05 0.04 0.07 0.01 0.02 

SO4
2- 4.67 3.58 5.49 3.79 6.56 3.65 3.94 2.96 

NO3
- 0.11 0.26 0.10 0.15 0.25 0.40 0.49 0.87 

CH3COO- 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 

HCOO− 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 

C2O4
2− 0.18 0.09 0.16 0.10 0.15 0.06 0.10 0.07 

Na+ 0.15 0.11 0.17 0.13 0.18 0.13 0.12 0.13 

NH4
+ 1.50 1.37 1.80 1.34 2.09 1.20 1.25 0.98 

K+ 0.12 0.08 0.11 0.06 0.14 0.09 0.06 0.04 

Mg2
+ 0.09 0.08 0.07 0.04 0.11 0.08 0.05 0.04 

Ca2
+ 0.51 0.41 0.44 0.31 0.84 0.57 0.37 0.25 

PM 34.12 18.6 35.99 26.1 39.45 20.25 27.61 14.45 
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Supplementary table 4: Night time mean PM2.5 elemental and ionic concentrations, and standard 

deviation at all sampling sites during the summer period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 0.40 0.56 0.20 0.28 0.09 0.20 0.04 0.16 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 0.26 0.52 0.75 1.98 0.08 0.15 0.74 2.58 

Si 1.07 1.33 0.80 1.43 0.55 0.49 0.89 0.51 

P 0.03 0.02 0.02 0.03 0.02 0.01 0.01 0.01 

S 1.46 0.95 1.46 1.01 1.89 1.00 1.60 1.23 

Cl 0.12 0.12 0.09 0.11 0.09 0.08 0.07 0.07 

K 0.26 0.27 0.17 0.17 0.24 0.14 0.14 0.12 

Ca 0.31 0.76 0.27 0.51 0.10 0.21 0.10 0.27 

Ti 0.03 0.04 0.03 0.05 0.02 0.03 0.04 0.06 

V 0.02 0.04 0.03 0.05 0.02 0.04 0.03 0.04 

Cr 2.76 10.92 3.24 12.79 0.04 0.16 0.07 0.27 

Mn 0.08 0.20 0.07 0.21 0.02 0.04 0.02 0.04 

Fe 7.55 29.83 8.83 34.85 0.15 0.60 0.20 0.79 

Ni 0.74 2.88 0.86 3.41 0.01 0.03 0.01 0.04 

Cu 0.02 0.05 0.07 0.08 0.07 0.12 0.04 0.07 

Zn 0.34 0.52 0.29 0.21 0.23 0.25 0.25 0.29 

Pb 0.11 0.27 0.07 0.16 0.12 0.19 0.05 0.09 

F- 0.17 0.66 0.19 0.40 0.59 0.82 2.14 2.56 

Cl- 0.02 0.04 0.00 0.00 0.01 0.01 0.02 0.03 

SO4
2- 3.30 2.11 3.39 2.57 3.78 2.71 3.35 2.78 

NO3
- 0.00 0.00 0.00 0.00 0.00 0.00 2.23 5.10 

CH3COO- 0.00 0.00 0.00 0.00 0.07 0.04 0.01 0.01 

HCOO− 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 

C2O4
2− 0.17 0.11 0.10 0.07 0.10 0.09 0.09 0.05 

Na+ 0.07 0.10 0.03 0.04 0.03 0.03 0.06 0.06 

NH4
+ 0.33 0.45 0.76 0.71 0.95 0.76 2.10 2.15 

K+ 0.09 0.06 0.04 0.03 0.05 0.03 0.03 0.03 

Mg2
+ 0.02 0.06 0.01 0.02 0.00 0.01 0.00 0.01 

Ca2
+ 0.17 0.36 0.08 0.22 0.04 0.08 0.07 0.14 

PM 73.56 164.88 42.70 49.64 62.30 53.25 34.52 36.23 
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Supplementary table 5: Day time mean PM10-2.5 elemental and ionic concentrations and standard 

deviation at all sampling sites during the winter period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 3.23 2.18 3.25 1.97 4.00 1.91 4.26 2.58 

Mg 1.76 0.98 1.91 1.00 2.38 1.09 2.27 0.94 

Al 3.46 1.73 4.75 2.80 4.11 1.51 4.16 2.19 

Si 11.18 6.03 14.69 8.98 13.26 5.01 13.48 6.40 

P 0.07 0.03 0.07 0.04 0.09 0.04 0.09 0.04 

S 1.70 1.11 1.61 1.00 1.77 1.00 1.58 0.99 

Cl 0.71 0.58 3.61 4.34 4.57 4.42 1.95 2.19 

K 1.60 0.65 1.98 1.04 1.94 0.92 1.68 0.73 

Ca 1.80 0.93 2.49 1.51 3.79 2.23 2.70 1.33 

Ti 0.14 0.07 0.19 0.12 0.18 0.07 0.18 0.10 

V 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Cr 0.69 1.49 0.88 1.61 0.99 1.77 0.70 1.51 

Mn 0.12 0.07 0.12 0.07 0.14 0.08 0.06 0.04 

Fe 2.75 4.79 4.25 5.53 4.33 6.05 2.52 4.77 

Ni 0.21 0.45 0.26 0.47 0.29 0.51 0.21 0.45 

Cu 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.01 

Zn 0.17 0.09 0.18 0.10 0.32 0.33 0.17 0.10 

Pb 0.03 0.04 0.02 0.04 0.03 0.04 0.01 0.03 

F- 1.49 0.64 2.73 1.90 2.92 1.32 2.54 1.27 

Cl- 0.08 0.11 0.42 0.61 0.80 1.20 0.23 0.37 

SO4
2- 4.87 2.84 4.26 3.07 4.89 2.94 4.40 2.81 

NO3
- 0.69 0.39 0.94 1.14 0.92 0.68 2.00 1.87 

CH3COO- 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

HCOO− 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

C2O4
2− 0.23 0.11 0.23 0.11 0.22 0.14 0.22 0.10 

Na+ 0.29 0.23 0.28 0.23 0.40 0.23 0.40 0.30 

NH4
+ 1.42 0.93 1.73 1.32 1.84 1.25 1.82 0.99 

K+ 0.55 0.27 0.66 0.41 0.71 0.40 0.55 0.32 

Mg2
+ 0.13 0.08 0.17 0.10 0.23 0.12 0.16 0.09 

Ca2
+ 0.68 0.36 1.05 0.61 1.63 0.86 1.05 0.61 

PM 61.03 28.7 89.73 61.7 94.65 39.37 82.45 38.80 
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Supplementary table 6: Day time mean PM2.5 elemental and ionic concentrations and standard 

deviation at all sampling sites during the winter period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 0.29 0.23 0.56 0.47 0.68 0.64 0.42 0.35 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 0.04 0.03 0.09 0.17 0.06 0.08 0.03 0.03 

Si 0.18 0.15 0.47 0.64 0.33 0.33 0.16 0.12 

P 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 

S 1.49 0.87 1.30 0.95 1.44 0.90 1.22 0.90 

Cl 0.09 0.07 0.21 0.28 0.94 2.02 0.11 0.15 

K 0.87 0.42 0.94 0.56 1.01 0.58 0.76 0.50 

Ca 0.04 0.12 0.11 0.27 0.11 0.26 0.08 0.18 

Ti 0.02 0.03 0.03 0.05 0.04 0.04 0.01 0.02 

V 0.02 0.04 0.01 0.03 0.01 0.02 0.04 0.06 

Cr 8.30 17.95 0.00 0.00 0.00 0.00 6.36 13.73 

Mn 0.04 0.10 0.00 0.01 0.02 0.04 0.06 0.11 

Fe 22.07 47.57 0.00 0.00 0.00 0.00 17.68 38.09 

Ni 2.33 5.01 0.00 0.00 0.00 0.00 1.92 4.13 

Cu 0.07 0.11 0.07 0.11 0.11 0.11 0.01 0.05 

Zn 0.21 0.26 0.33 0.32 0.26 0.28 0.14 0.17 

Pb 0.10 0.16 0.07 0.12 0.18 0.22 0.10 0.20 

F- 0.25 0.40 0.27 0.62 0.59 1.02 0.44 0.58 

Cl- 0.04 0.06 0.01 0.02 0.00 0.01 0.03 0.06 

SO4
2- 3.46 2.35 2.52 2.48 3.03 2.30 2.50 2.25 

NO3
- 0.63 2.46 0.00 0.00 13.46 31.20 0.32 0.74 

CH3COO- 0.00 0.01 0.01 0.05 0.00 0.00 0.00 0.01 

HCOO− 0.03 0.03 0.00 0.00 0.00 0.01 0.01 0.01 

C2O4
2− 0.11 0.08 0.03 0.04 0.09 0.12 0.11 0.07 

Na+ 0.05 0.06 0.01 0.03 0.03 0.09 0.06 0.09 

NH4
+ 1.60 1.39 0.59 0.81 5.24 9.42 1.22 0.96 

K+ 0.34 0.18 0.29 0.23 0.32 0.21 0.25 0.21 

Mg2
+ 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.00 

Ca2
+ 0.00 0.01 0.17 0.45 0.00 0.00 0.04 0.15 

PM 36.44 36.89 84.62 78.33 67.73 49.16 38.29 54.66 
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Supplementary table 7: Night time mean PM10-2.5 elemental and ionic concentrations, and 

standard deviation at all sampling sites during the winter period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 3.35 1.73 3.14 1.75 4.51 1.62 3.73 1.73 

Mg 1.47 0.51 1.65 0.77 3.24 1.75 2.30 1.40 

Al 2.62 0.89 3.45 1.52 4.09 2.04 4.86 4.25 

Si 8.42 2.60 10.57 4.67 12.62 6.11 13.69 10.06 

P 0.07 0.02 0.06 0.03 0.11 0.05 0.13 0.10 

S 2.18 1.03 1.90 1.11 2.92 1.21 3.01 2.39 

Cl 3.57 2.55 1.91 1.86 7.13 5.12 2.79 2.82 

K 2.22 0.91 1.84 1.08 2.53 1.39 1.99 1.13 

Ca 1.52 0.62 1.84 0.83 5.45 3.08 2.89 2.14 

Ti 0.11 0.04 0.13 0.06 0.18 0.09 0.23 0.22 

V 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Cr 0.51 1.39 0.71 1.52 0.73 1.58 0.47 1.30 

Mn 0.11 0.05 0.08 0.07 0.26 0.18 0.08 0.06 

Fe 1.80 4.09 2.84 5.02 5.09 6.26 1.89 3.80 

Ni 0.15 0.40 0.20 0.44 0.21 0.45 0.14 0.38 

Cu 0.02 0.01 0.02 0.03 0.02 0.02 0.02 0.02 

Zn 0.47 0.29 0.28 0.21 0.65 0.45 0.25 0.22 

Pb 0.04 0.03 0.04 0.04 0.09 0.10 0.02 0.03 

F- 1.85 0.71 2.18 0.99 3.74 1.92 2.91 1.10 

Cl- 0.62 0.67 0.14 0.17 1.58 1.63 0.36 0.42 

SO4
2- 6.21 2.78 5.03 3.04 7.77 3.51 8.78 6.82 

NO3
- 2.49 1.90 1.08 0.99 1.83 1.35 3.84 1.89 

CH3COO- 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 

HCOO− 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

C2O4
2− 0.29 0.10 0.25 0.11 0.27 0.14 0.21 0.12 

Na+ 0.28 0.15 0.24 0.15 0.38 0.14 0.35 0.17 

NH4
+ 2.41 1.06 1.82 1.04 2.84 1.23 3.75 2.24 

K+ 1.03 0.48 0.68 0.49 1.08 0.70 0.78 0.51 

Mg2
+ 0.11 0.05 0.13 0.06 0.32 0.18 0.16 0.09 

Ca2
+ 0.62 0.27 0.85 0.41 2.39 1.27 1.03 0.68 

PM 92.18 33.5 73.01 37.6 113.32 59.42 95.65 60.18 
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Supplementary table 8: Night time mean PM2.5 elemental and ionic concentrations, and standard 

deviation at all sampling sites during the winter period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 0.92 0.63 0.62 0.40 1.42 0.86 0.45 0.44 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 0.04 0.05 0.15 0.34 0.07 0.10 0.07 0.14 

Si 0.24 0.14 0.65 1.24 0.48 0.32 0.37 0.49 

P 0.03 0.02 0.01 0.01 0.04 0.05 0.02 0.03 

S 1.82 0.91 1.59 0.93 2.56 1.03 2.57 1.98 

Cl 0.28 0.18 0.16 0.14 1.16 1.48 0.17 0.15 

K 1.62 0.77 1.03 0.82 1.73 1.03 1.22 0.89 

Ca 0.13 0.39 0.26 0.41 0.07 0.20 0.22 0.36 

Ti 0.04 0.06 0.03 0.06 0.03 0.03 0.02 0.03 

V 0.06 0.07 0.05 0.07 0.02 0.03 0.05 0.07 

Cr 7.55 16.25 0.00 0.00 0.00 0.00 6.28 13.55 

Mn 0.10 0.21 0.01 0.03 0.01 0.03 0.06 0.12 

Fe 20.16 43.36 0.00 0.00 0.00 0.00 17.52 37.73 

Ni 2.11 4.55 0.00 0.00 0.00 0.00 1.88 4.04 

Cu 0.05 0.05 0.07 0.11 0.04 0.09 0.07 0.09 

Zn 0.49 0.40 0.15 0.20 0.39 0.24 0.22 0.25 

Pb 0.18 0.25 0.08 0.21 0.09 0.17 0.06 0.15 

F- 0.43 0.53 0.10 0.22 0.88 1.23 0.57 0.64 

Cl- 0.03 0.04 0.03 0.04 0.00 0.02 0.02 0.04 

SO4
2- 4.09 2.36 3.38 2.22 5.20 2.43 5.91 5.07 

NO3
- 0.51 1.77 0.00 0.00 5.25 17.16 0.40 1.10 

CH3COO- 0.01 0.02 0.01 0.04 0.00 0.00 0.00 0.01 

HCOO− 0.03 0.02 0.00 0.00 0.00 0.01 0.01 0.01 

C2O4
2− 0.20 0.12 0.06 0.07 0.24 0.18 0.14 0.10 

Na+ 0.07 0.07 0.00 0.01 0.10 0.24 0.03 0.05 

NH4
+ 1.67 1.07 0.87 0.70 3.81 4.54 2.60 1.89 

K+ 0.66 0.36 0.30 0.32 0.61 0.44 0.42 0.36 

Mg2
+ 0.00 0.02 0.02 0.07 0.00 0.00 0.00 0.00 

Ca2
+ 0.00 0.00 0.18 0.41 0.01 0.05 0.04 0.09 

PM 43.55 31.46 62.78 48.45 128.53 187.10 39.37 37.73 
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Supplementary table 9: Day time mean PM10-2.5 elemental and ionic concentrations and standard 

deviation at all sampling sites during the spring period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 3.18 1.31 3.31 1.17 3.53 1.50 3.34 1.96 

Mg 1.66 0.78 2.30 0.98 2.88 1.79 2.41 1.86 

Al 2.63 1.21 5.61 2.57 4.19 2.16 5.78 5.15 

Si 9.10 4.16 17.25 7.35 13.91 7.19 16.92 13.93 

P 0.07 0.03 0.09 0.04 0.10 0.05 0.11 0.09 

S 1.06 0.53 1.04 0.53 1.08 0.57 0.89 0.68 

Cl 0.12 0.11 0.31 0.24 0.47 0.46 0.31 0.33 

K 1.67 1.04 2.10 1.03 1.91 1.02 1.64 1.28 

Ca 1.60 0.86 2.95 1.41 4.49 3.22 3.30 2.69 

Ti 0.11 0.05 0.25 0.10 0.21 0.11 0.28 0.26 

V 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 

Cr 0.30 1.20 0.85 1.83 0.55 1.52 0.00 0.00 

Mn 0.08 0.05 0.13 0.07 0.17 0.10 0.09 0.06 

Fe 1.51 3.40 4.84 5.05 4.14 4.23 1.06 1.19 

Ni 0.09 0.37 0.26 0.57 0.16 0.45 0.00 0.00 

Cu 0.03 0.01 0.03 0.02 0.03 0.02 0.03 0.02 

Zn 0.15 0.11 0.15 0.07 0.28 0.20 0.15 0.10 

Pb 0.01 0.03 0.02 0.02 0.02 0.02 0.01 0.02 

F- 2.93 1.11 5.37 1.32 5.22 1.36 4.06 2.40 

Cl- 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 

SO4
2- 2.91 1.49 3.10 1.73 3.35 1.71 2.54 2.03 

NO3
- 0.03 0.08 0.14 0.35 0.03 0.05 0.06 0.13 

CH3COO- 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

HCOO− 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 

C2O4
2− 0.46 0.22 0.59 0.17 0.53 0.19 0.35 0.21 

Na+ 0.28 0.13 0.37 0.15 0.38 0.15 0.36 0.21 

NH4
+ 0.82 0.46 1.11 0.66 0.85 0.52 0.82 0.68 

K+ 0.72 0.49 0.65 0.38 0.71 0.38 0.55 0.42 

Mg2
+ 0.16 0.07 0.26 0.11 0.35 0.19 0.27 0.19 

Ca2
+ 0.81 0.39 1.39 0.63 1.86 0.95 1.43 1.43 

PM 52.16 23.1 93.10 43.8 102.48 70.77 84.32 63.69 
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Supplementary table 10: Day time mean PM2.5 elemental and ionic concentrations and standard 

deviation at all sampling sites during the spring period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 0.33 0.35 0.50 0.26 0.40 0.40 0.75 1.28 

Mg 0.00 0.00 0.00 0.00 0.00 0.01 0.08 0.29 

Al 0.02 0.02 0.06 0.03 0.08 0.09 0.31 0.67 

Si 0.23 0.21 0.37 0.29 0.58 0.31 1.05 2.35 

P 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

S 0.79 0.46 0.83 0.49 0.80 0.52 0.90 0.59 

Cl 0.04 0.04 0.05 0.07 0.05 0.07 0.06 0.07 

K 0.75 0.64 0.83 0.61 0.83 0.59 0.69 0.43 

Ca 0.08 0.19 0.09 0.15 0.54 0.77 0.34 0.90 

Ti 0.02 0.03 0.01 0.02 0.04 0.05 0.02 0.03 

V 0.03 0.04 0.02 0.03 0.02 0.04 0.03 0.04 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 8.25 17.08 

Mn 0.02 0.05 0.03 0.06 0.03 0.04 0.12 0.21 

Fe 0.00 0.00 0.00 0.00 0.00 0.00 22.87 47.36 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 2.47 5.11 

Cu 0.20 0.14 0.13 0.16 0.17 0.16 0.24 0.17 

Zn 0.28 0.30 0.26 0.23 0.32 0.26 0.25 0.33 

Pb 0.10 0.30 0.09 0.21 0.05 0.14 0.05 0.08 

F- 0.78 1.92 1.41 2.97 0.81 0.85 0.63 1.29 

Cl- 0.01 0.02 0.03 0.05 0.00 0.01 0.09 0.14 

SO4
2- 1.82 1.09 1.90 1.27 1.77 1.20 2.21 1.45 

NO3
- 0.07 0.30 0.05 0.19 0.00 0.00 0.00 0.00 

CH3COO- 0.03 0.03 0.05 0.06 0.11 0.08 0.04 0.06 

HCOO− 0.00 0.00 0.01 0.04 0.03 0.01 0.05 0.11 

C2O4
2− 0.09 0.09 0.18 0.14 0.18 0.10 0.16 0.25 

Na+ 0.02 0.02 0.03 0.05 0.07 0.07 0.11 0.15 

NH4
+ 0.38 1.03 0.56 1.38 0.19 0.26 0.25 0.40 

K+ 0.34 0.28 0.23 0.18 0.31 0.21 0.24 0.19 

Mg2
+ 0.00 0.00 0.00 0.01 0.00 0.01 0.15 0.37 

Ca2
+ 0.04 0.10 0.14 0.32 0.27 0.37 0.77 1.78 

PM 52.72 35.81 74.04 77.21 63.24 39.54 40.26 33.81 
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Supplementary table 11: Night time mean PM10-2.5 elemental and ionic concentrations, and 

standard deviation at all sampling sites during the spring period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 3.98 1.86 3.87 2.38 5.05 2.31 3.96 2.65 

Mg 1.61 0.61 1.74 0.53 4.56 3.32 2.42 1.42 

Al 2.39 1.17 3.36 1.27 3.97 1.74 4.45 2.96 

Si 7.91 3.75 10.66 3.90 12.15 5.03 13.21 8.19 

P 0.08 0.03 0.06 0.03 0.11 0.06 0.11 0.08 

S 0.94 0.33 0.97 0.48 1.47 0.44 1.56 1.13 

Cl 0.31 0.40 0.36 0.38 1.51 2.11 0.71 0.65 

K 1.58 0.82 1.61 0.81 1.86 0.84 1.56 0.89 

Ca 1.68 0.89 1.92 0.78 7.27 6.70 2.96 2.06 

Ti 0.10 0.05 0.14 0.05 0.18 0.08 0.19 0.12 

V 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Cr 0.28 1.11 0.89 1.93 0.68 1.86 0.00 0.00 

Mn 0.10 0.07 0.08 0.06 0.27 0.19 0.10 0.09 

Fe 1.52 3.22 3.64 5.41 5.46 5.63 0.88 0.93 

Ni 0.08 0.34 0.26 0.56 0.19 0.51 0.00 0.00 

Cu 0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.02 

Zn 0.55 0.52 0.29 0.29 0.59 0.37 0.30 0.27 

Pb 0.02 0.02 0.01 0.02 0.08 0.16 0.02 0.04 

F- 3.22 1.01 3.78 1.74 6.07 2.48 4.14 2.07 

Cl- 0.02 0.05 0.01 0.01 0.10 0.19 0.02 0.03 

SO4
2- 2.57 1.05 2.74 1.52 4.08 1.36 4.51 3.36 

NO3
- 0.02 0.09 0.06 0.17 0.05 0.09 0.11 0.18 

CH3COO- 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

HCOO− 0.01 0.00 0.01 0.01 0.02 0.01 0.01 0.01 

C2O4
2− 0.49 0.18 0.51 0.18 0.50 0.17 0.37 0.19 

Na+ 0.32 0.22 0.44 0.32 0.48 0.28 0.44 0.34 

NH4
+ 0.73 0.40 0.86 0.69 1.00 0.50 1.47 1.07 

K+ 0.74 0.43 0.52 0.34 0.69 0.37 0.58 0.37 

Mg2
+ 0.16 0.06 0.18 0.07 0.50 0.36 0.26 0.14 

Ca2
+ 0.81 0.38 0.89 0.35 2.68 2.01 1.48 1.48 

PM 51.16 20.0 66.94 23.7 100.59 48.55 74.13 49.15 
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Supplementary table 12: Night time mean PM2.5 elemental and ionic concentrations, and standard 

deviation at all sampling sites during the spring period 

Site Kliprivier Sebokeng Sharpeville Zamdela 

 Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

Na 0.50 0.26 0.64 0.43 1.20 0.83 0.46 0.40 

Mg 0.01 0.04 0.00 0.00 0.20 0.41 0.00 0.00 

Al 0.04 0.03 0.06 0.05 0.07 0.08 0.06 0.05 

Si 0.38 0.17 0.35 0.11 0.73 0.30 0.22 0.18 

P 0.03 0.01 0.01 0.01 0.02 0.02 0.02 0.01 

S 0.73 0.27 0.74 0.39 1.05 0.38 1.24 0.96 

Cl 0.05 0.09 0.10 0.11 0.19 0.30 0.07 0.10 

K 0.86 0.47 0.76 0.58 0.93 0.57 0.57 0.43 

Ca 0.36 0.69 0.47 1.01 1.17 1.74 0.11 0.40 

Ti 0.02 0.05 0.04 0.06 0.02 0.04 0.02 0.03 

V 0.02 0.04 0.02 0.03 0.03 0.06 0.01 0.02 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 5.60 15.31 

Mn 0.03 0.05 0.02 0.04 0.06 0.07 0.10 0.18 

Fe 0.00 0.00 0.00 0.00 0.00 0.00 15.05 41.12 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 1.60 4.38 

Cu 0.16 0.13 0.14 0.12 0.16 0.12 0.17 0.15 

Zn 0.36 0.29 0.39 0.34 0.69 0.42 0.21 0.22 

Pb 0.05 0.29 0.04 0.06 0.08 0.17 0.06 0.15 

F- 0.82 2.23 2.50 3.61 1.16 1.13 0.12 0.23 

Cl- 0.01 0.03 0.02 0.03 0.00 0.01 0.01 0.03 

SO4
2- 1.50 0.73 1.67 1.10 2.20 0.96 2.90 2.54 

NO3
- 0.26 1.02 1.11 2.55 0.03 0.10 0.00 0.00 

CH3COO- 0.03 0.03 0.04 0.06 0.11 0.08 0.03 0.04 

HCOO− 0.00 0.00 0.01 0.02 0.03 0.02 0.00 0.02 

C2O4
2− 0.17 0.14 0.27 0.14 0.32 0.22 0.10 0.09 

Na+ 0.03 0.03 0.07 0.08 0.12 0.22 0.04 0.05 

NH4
+ 0.36 1.26 1.53 2.38 0.29 0.33 0.59 0.98 

K+ 0.35 0.24 0.22 0.18 0.33 0.21 0.20 0.15 

Mg2
+ 0.00 0.00 0.01 0.02 0.01 0.02 0.01 0.02 

Ca2
+ 0.14 0.31 0.11 0.20 0.51 0.73 0.05 0.09 

PM 45.70 25.18 71.14 44.96 61.54 63.98 34.75 25.08 
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ANNEXURE II: SPATIAL EMISSIONS QUANTIFICATION 

Industries 

For the VTAPA, industrial sources represent mostly licensed stationary facilities that submit 

emission reports annually. Significant emitters can be broadly classified into three categories 

which include, iron and steel manufacturers, chemical and petrochemical sectors, and power 

generation. Emissions for these industries were quantified based on activity data obtained from 

information reported by the National Atmospheric Emission Inventory System (NAEIS) for the 

2017 calendar year (Department of Environmental Affairs, 2015). 

Domestic combustion 

This involved a top-down method in which national gas, paraffin and coal consumption data was 

downscaled into smaller geographical units using Community Survey 2016 and Census 2011 data 

(Statistics South Africa, 2012; Statistics South Africa, 2016). In the case of wood fuel use, a 

bottom-up approach was used in which household wood fuel consumption was aggregated into 

larger geographical units. Domestic combustion emissions were then calculated using emission 

factors from different literature  

Vehicles 

Both a top-down and a bottom-up approach was used in the calculation of vehicle emissions. In 

the bottom-up approach, road count data obtained from SANRAL national counts for 2016 and 

GAUTRAINS Gauteng Manual counts for 2015 were used in determining the vehicle kilometre 

travelled (VKT). For the top-down method, provincial fuel sales and fuel efficiency data were used 

to estimate vehicle kilometre travelled (VKT). The COPERT model was then used to quantify 

vehicle emissions (Ntziachristos & Samaras, 2009). 

Waste combustion 

Waste combustion emissions were estimated using data on waste per person and composition 

for the VTAPA (Gauteng Department of Agriculture and Rural Development, 2018). From the 

data, the amount of waste burned is quantified and then multiplied with the emission factors for 

waste. Emissions from landfills and wastewater treatment centres were not quantified as input 

data for their quantification is not available for the VTAPA. 

Windblown dust 

Windblown dust emissions were estimated for mine waste facilities, product stockpiles, and ash 

storages. The Airborne Dust Dispersion Model from Area Sources (ADDAS) was used in the 

emissions quantification (Burger, 2011). Material particle density, moisture content, particle size 

distribution and site-specific surface characteristics were used as inputs into this model. 
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Biomass burning 

Biomass burning emissions from large scale agricultural burning and natural fires for the year 

2016 were obtained from the Fire INventory from NCAR (FINN) dataset (Wiedinmyer et al., 2011). 

Corrections were made to the FINN data in which fires that were apportioned incorrectly to surface 

coal mines and large hot/reflective rooftops were removed through a masking procedure. 

Data processing 

The spatial emissions data were obtained in a GIS format. Subsets for the VTAPA extracted using 

QGIS. Attribute tables for each emission category were obtained from the VTAPA subsets and 

used as input into the CALPUFF model. 

  



 

144 

ANNEXURE III: PERMISSION FROM CO-AUTHORS 

13 March 2020.  

To whom it may concern.  

Dear Sir/Madam.  

We, the undersigned and co-authors of the manuscript,  

L. Muyemeki, S.J. Piketh and R. P. Burger, 2020. Evaluating the potential of remote sensing 

imagery in mapping ground-level fine particulate matter (PM2.5) for the Vaal Triangle Priority Area 

Herewith give permission that this manuscript can be submitted as part of Luckson Muyemeki’s 

PhD thesis. Although we were involved with the conceptualization of this work, Luckson 

Muyemeki was primarily responsible for the execution and documentation of this research.  

Sincerely  

 

 

Stuart Piketh      Roelof Burger  

stuart.piketh@nwu.ac.za    roelof.burger@nwu.ac.za  

  

mailto:stuart.piketh@nwu.ac.za
mailto:roelof.burger@nwu.ac.za


 

145 

13 March 2020.  

To whom it may concern.  

Dear Sir/Madam.  

We, the undersigned and co-authors of the manuscript,  

L. Muyemeki, S.J. Piketh and R. P. Burger, 2020. Updated PM10-2.5 and PM2.5 source 

apportionment for the Vaal Triangle air pollution priority area, South Africa 

Herewith give permission that this manuscript can be submitted as part of Luckson Muyemeki’s 

PhD thesis. Although we were involved with the conceptualization of this work, Luckson 

Muyemeki was primarily responsible for the execution and documentation of this research.  

Sincerely  

 

 

Stuart Piketh      Roelof Burger  

stuart.piketh@nwu.ac.za    roelof.burger@nwu.ac.za 

  

mailto:stuart.piketh@nwu.ac.za
mailto:roelof.burger@nwu.ac.za


 

146 

13 March 2020.  

To whom it may concern.  

Dear Sir/Madam.  

We, the undersigned and co-authors of the manuscript,  

L. Muyemeki, S.J. Piketh, R. P. Burger, P. Rafaj and G. Kiesewetter, 2020. Integrated 

assessment of strategies to reduce air pollution in the Vaal Triangle Priority Area, South Africa 

Herewith give permission that this manuscript can be submitted as part of Luckson Muyemeki’s 

PhD thesis. Although we were involved with the conceptualization of this work, Luckson 

Muyemeki was primarily responsible for the execution and documentation of this research.  

Sincerely  

 

 

 

Stuart Piketh      Roelof Burger  

stuart.piketh@nwu.ac.za    roelof.burger@nwu.ac.za 

 

 

 

Peter Rafaj      Gregor Kiesewetter 

rafaj@iiasa.ac.at     kiesewet@iiasa.ac.at  

mailto:stuart.piketh@nwu.ac.za
mailto:roelof.burger@nwu.ac.za
mailto:rafaj@iiasa.ac.at
mailto:kiesewet@iiasa.ac.at

