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ABSTRACT 

Industrialisation and urbanisation of the interior plateau of South Africa (i.e. the Highveld) have 

resulted in air quality that infringes on South Africans' right to an environment that is not damaging 

to human health or well-being. In March 2022, a judgement was handed down in the Pretoria High 

Court, ordering the government to execute the Highveld Priority Area Air Quality Management 

Plan. The judgement provided that failure to meet the National Ambient Air Quality Standards 

(NAAQS) in the area is sufficient evidence for a violation of the right to an environment that is 

protected and not detrimental to human health or well-being. The Highveld has meteorological 

conditions that are highly unfavourable air pollution dispersion. Combined with the 

industrialisation and urbanisation within the region, this has resulted in fine particulate air pollution 

(i.e., PM2.5). PM2.5 is an air pollutant that can remain in the atmosphere for days to weeks giving 

it the potential to reach remote regions of South Africa or neighbouring countries. When inhaled, 

it can penetrate deep into the respiratory system and cause many adverse health impacts. To 

effectively manage ambient air quality in the Highveld, we need to understand the relationship 

between these air pollutants and determine their significant sources in the region. This study looks 

at the impact of ambient PM2.5, particularly secondary PM2.5 (i.e., PM2.5 formed in the atmosphere), 

attributed to coal-fired power plants in the Highveld. Coal-fired power plants are significant 

sources of sulphur dioxide (SO2) and nitrogen oxides (NOx), which are precursor gases of 

secondary PM2.5, and most of the coal-fired power plants in South Africa are concentrated in the 

Highveld. This study was built upon an existing modelling platform developed for the Highveld 

Health Study (baseline simulation). A second concept simulation was run, where all large (≥1 000 

MW) coal-fired power plant emissions were excluded. The annual average PM2.5 attributable to 

the coal-fired power plants was determined by subtracting the concentrations in the concept 

simulation from those in the baseline simulation. The study found that the large coal-fired power 

plants were a significant source of ambient annual average PM2.5, specifically secondary PM2.5. 

The results show an opportunity to reduce the number of “All-cause” mortalities in the Highveld 

study area by up to ~1.32%. Reducing SO2 and NOx emissions from coal-fired power plants would 

have the greatest impact on lowering the ambient PM2.5 attributed to these plants. A monetary 

value of R37.6 billion (SA2016R) was estimated for the relative reduction in the estimated 

mortality risk attributed to the large coal-fired power plants. 

Keywords: aerosols, air pollution, coal-fired power, health impact, fine particulate, PM2.5, 

secondary particulates, valuation  
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CHAPTER 1: INTRODUCTION 

Chapter 1 provides a brief background on the relevance of atmospheric PM2.5 and its risk to human 

health. It presents the motivation for the study in a problem statement, concluding with its primary 

aim and specific objectives. 

1.1 Background 

As a developing country, South Africa is confronted with the competing factors that come with 

growing an economy, i.e. ensuring social justice and protecting the environment. The battle is 

evident in, for example, the ongoing planned widespread electricity supply interruptions (i.e., load 

shedding) and the applications by the South African public power utility (Eskom) for relief 1 from 

the minimum emission standards (MES) specified for its combustion installations. Over the years, 

the power utility has been affected by many challenges including, but not limited to, a delay in the 

decision to start building new power generation capacity, delayed maintenance of its plants, 

returning to service of older power plants, supplying enough energy to meet demand, and 

complying with the MES for new plants (Pretorius et al., 2017; Eskom, 2019). Eskom appealed to 

the National Air Quality Officer that its existing coal-fired power plants cannot comply with the 

MES for new plants. Reasons for this include design-related limitations2, its current financial 

constraints, the exorbitant cost of retrofitting abatement technologies, the age of the power plants, 

the quality of the coal used, the use and availability of water, and maintaining a reserve margin 

(Eskom, 2019). The plea by the power utility is real and severe, and most South Africans and the 

economy rely on Eskom to supply it with electricity. Competing with the electricity demand is the 

need for and the right to clean air for human health and well-being (Chen & Kan, 2008; Mabahwi 

et al., 2014; Murat, 2017). All South Africans have a right to a protected atmosphere that is not 

dangerous to their health or well-being, while supporting justified economic and social growth. A 

right enshrined in Section 24 of the Constitution of the Republic of South Africa (SA, 1996).  

One region particularly affected by the competing factors of economic growth, social justice, and 

environmental protection is the Highveld. In March 2022, a judgement was handed down in the 

Pretoria High Court, ordering the government to implement and enforce the Highveld Priority Area 

(HPA) Air Quality Management Plan (AQMP). The judge stated: “If air quality fails to meet the 

National Ambient Air Quality Standards, it is a prima facie violation of the right. When failure to 

meet air quality standards persists over an extended period of time, there is a greater likelihood 

that the health, well-being, and human rights of the people subjected to that air are being 

threatened and infringed upon.” (CER, 2022; Trustees for the time being of Groundwork Trust 

 
1 2019 applications by Eskom for the suspension, alternative limits, or postponement of compliance to MES. 
2 The existing plants were designed before the promulgation of the MES and therefore were not designed to meet these 
standards. 
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and Another v Minister of Environmental Affairs and Others ZAGPPHC 208, 2022). In addition, 

the Highveld has meteorological conditions that are highly unfavourable for the dispersion of air 

pollution (Demircan & Sensoy, 2010; Garstang et al., 1996; Tyson et al.,1988; Tyson et al.,1996). 

The meteorological conditions combined with the industrialisation and urbanisation in the region 

have resulted in unsafe levels of fine particulate air pollution (e.g. PM2.5) in many areas in the 

Highveld (Feig et al., 2019; Freiman & Piketh, 2002; Garland et al., 2017; Govender & Sivakumar, 

2019; Khumalo, 2020; Lourens, 2012; Muyemeki et al., 2020; Paton-Walsh et al., 2022; 

Scheifinger & Held, 1997; Venter et al., 2012). 

1.2 Problem statement 

PM2.5 is an air pollutant that threatens human health and well-being. When inhaled, PM2.5 can 

penetrate deep into the respiratory system and cause many adverse health impacts (US EPA, 

n.d.b; Falcon-Rodriquez et al., 2016; Nemmar, 2013; Nel, 2005; Bauer et al., 2019). Long-term 

exposure to ambient PM2.5 may even lead to premature death (Crouse et al., 2015; Dockery et 

al., 1993; Krewski et al., 2000; Lepeule et al., 2012). Exposure to ambient PM2.5 dominates air 

pollution-related mortality over atmospheric gases (Bauer et al., 2019) and is regarded as the 

most significant environmental risk factor in the world (HEI, 2020; GBD 2019 Demographics 

Collaborators, 2020). Liu et al. (2019) found that an increase of 10 µg/m3 in PM2.5 concentration 

was related to an increase of 0.68% (95% UI: 0.59 to 0.77) in a combined estimate of daily all-

cause mortality globally and an increase of 0.8% (95% UI: 0.16 to 1.44) in South Africa. 

The South African power generation sector, particularly coal-fired power plants, is a significant 

contributor to ambient PM2.5 in the Highveld. Coal energy constitutes approximately 72% of the 

current installed power generation capacity in South Africa (SA. Department of Energy, 2019). 

Most of the coalfields in South Africa can be found in the Highveld (Jeffrey, 2005). The rich coal 

reserves and sufficient water resources at that time made this a prime area for coal-fired power 

plants (Scheifinger & Held, 1997), which resulted in most coal-fired power plants being located in 

the Highveld. Coal-fired power plants are known to generate air pollution, which could be harmful 

to human health (Barik, 2021; Koplitz et al., 2017; Langerman & Pauw, 2018; Zhao et al., 2021). 

These power plants are significant sources of sulphur dioxide (SO2) and nitrogen oxides (NOx), 

known precursor gases of secondary PM2.5 air pollution (Bergin et al., 2005; Chow et al., 2004; 

Dodla et al., 2017; Kang et al., 2011; Watson et al., 2002; US EPA, 2019; Zhang, 2016). In South 

Africa, the power sector, particularly coal-fired power, is considered the highest contributor of 

PM2.5 precursor gases (SO2 and NOx) (Pretorius et al., 2017; Ross, 2003; SA DEA, 2012a; 

Sivertsen et al., 1995; Scorgie et al., 2004; Scorgie & Thomas, 2006; SA DEA, 2012a). 

Our understanding of the relationship between ambient PM2.5, and the primary emissions of PM2.5 

and its precursor species from coal-fired power plants in the Highveld still needs improvement. 
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Several studies have examined the impact of criteria air pollutants from South African coal-fired 

power plants on human health. Of these studies, five (Gray, 2019; Marais et al., 2019; Myllyvirta, 

2014; NEC & PAC, 2018; Steyn & Kornelius, 2018) considered the impact of PM2.5. Myllyvirta 

(2014) used regression models taken from single-source chemical transport model runs (CAMx 

& CALPUFF). These model runs do not account for the complex atmospheric chemistry and 

circulation over South Africa, and the PM2.5 emissions were estimated from the estimated PM10 

emissions applying a ratio of 4/9. Marais et al. (2019) used a chemical transport model called 

GEOS-Chem. However, PM2.5 was simulated over a large domain (Africa and South Africa) with 

a coarse grid (0.5° x 0.667°, ∼50 km × 67 km). The study did not focus solely on coal-fired power 

plants but included emissions from natural gas- and bunker fuel-fired power stations and vehicle 

emissions. Gray (2019), Steyn & Kornelius (2018) and NEC (2018) used the CALPUFF dispersion 

modelling suite and simulated fine particulates over the Highveld. It is unclear if background 

conditions were considered, perhaps through the input of ambient values. However, none of the 

CALPUFF studies explicitly account for pollution transported across the boundary, nor do they 

explicitly account for all other major sources3 in the Highveld in the formation of secondary PM2.5. 

For instance, these studies do not explicitly account for particulates formed when ammonia 

emissions from agriculture neutralise sulphuric acid formed from SO2 emissions from coal-fired 

power plants. Current studies, therefore, do not represent a complete estimate of the secondary 

PM2.5 attributable solely to coal-fired power plants in the Highveld. Understanding the relationship 

between ambient PM2.5, particularly secondary PM2.5, and the contribution from significant 

sources, such as coal-fired power plants, in the Highveld, is essential in estimating the burden of 

disease associated with PM2.5 air pollution in this region. The estimated health impact and its 

monetary value inform policymakers, supporting the development of strategies and plans to 

improve air quality. Source apportionment is valuable in understanding the relationships between 

pollutants and polluters. However, source apportionment of PM2.5 is complex because most of the 

PM2.5 is formed in the atmosphere (Langerman & Pauw, 2018; Maenhaut et al., 1996; Piketh et 

al., 1999a). This study simulated the Highveld atmospheric chemistry with and without emissions 

from the coal-fired power plants at a high spatial resolution with a chemical transport model 

(Parent domain: 0.06° x 0.06° & Nest domain: 0.02° x 0.02°) to investigate the impact of PM2.5 

attributable to coal-fired power plants. The chemical transport model, CAMx4, used for this study 

is a photochemical grid model with a more complex chemical mechanism than the CALPUFF 

model ((Trozzi et al., 2009) used in the previous industrial Highveld studies. Most of the coal-fired 

power plants in the Highveld (i.e., 96% of the installed capacity, Figure 12) are operated by the 

public power utility Eskom. By subtracting a concept simulation, where all large (≥1 000 MW) coal-

 
3 Examples include biomass burning, other industries, biogenic VOCs and ammonia from agriculture, domestic fuel 
combustion and on-road vehicles. 
4 Comprehensive Air Quality Model with Extensions. 
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fired power plant emissions are excluded, from the baseline simulation of the Highveld 

atmosphere, the study can attribute a more complete simulated impact of the large coal-fired 

power emissions on the annual average PM2.5 over the Highveld.  

1.3 Aims and objectives 

The aim of this study is to evaluate the total contribution of coal-fired power plant emissions to 

ambient PM2.5 and its impact on human health over the Highveld. The following objectives were 

formulated to achieve the aim of this study: 

Objective 1: Examine the effect that coal-fired power plant emissions have on the 
secondary particulate chemistry of the atmosphere over the Highveld.  

The emissions of primary particulates, precursor gases (SO2, NOx, ammonia (NH3) and organic 

compounds) from coal-fired power plants and other sources, as well as the formation of secondary 

particulates in the Highveld atmosphere are simulated using the state-of-the-science chemical 

transport model, CAMx. 

Objective 2: Evaluate the concentration of PM2.5 attributable to the coal-fired power plants 
in the Highveld. 

A contrast between two separate atmosphere simulations; a baseline simulation of the ambient 

PM2.5 from all emitters within the Highveld compared to a concept simulation, where emissions 

from all large coal-fired power plants are excluded in CAMx. The comparison allows for the 

isolation of the PM2.5. 

Objective 3: Evaluate the impact of the PM2.5, attributable to the coal-fired power plants in 
the Highveld, on human health. 

The health impacts and economic value of PM2.5 attributed to coal-fired power plants on the 

Highveld are evaluated by estimating the potential for avoidable premature mortality and the 

willingness to pay for marginal changes to reduce mortality risk.  
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 CHAPTER 2: LITERATURE REVIEW 

The literature review starts by briefly introducing air quality management in South Africa. Section 

2.2 of Chapter 2 then discusses air quality in the Highveld region, first contextualising the Highveld 

region to better understand the circumstances that formed the setting for its industrialisation and 

urbanisation. This section then looks at the sources and their estimated contribution to air 

pollution, the meteorological conditions,and the movement of air masses over the Highveld. 

Section 2.2.5 considers air quality hotspot areas in the Highveld region and the criteria pollutants 

of concern in these areas, while Section 2.2.6 discusses the Highveld ambient PM2.5 and the 

sources contributing to it. Section 2.3 focuses on one of the significant PM2.5 source sectors 

identified in section 2.2.6, i.e. coal-fired power plants. Before concluding the literature review, 

Section 2.4 examines why long term exposure to PM2.5 presents a risk to human health. 

2.1 Air quality management in South Africa 

Instrumental in controlling the competing factors that come with growing an economy, ensuring 

social justice, and protecting the air quality in South Africa is the Constitution of the Republic of 

South Africa (the Constitution). Section 24 of the Constitution (SA, 1996) enshrines the right to a 

natural environment (including the atmosphere) that is protected and not detrimental to the health 

or well-being of South Africans while supporting justified economic and social growth. To improve 

the law regulating air quality in line with Section 24 of the Constitution, South Africa promulgated 

the National Environmental Management Act (Act No. 107 of 1998) (NEMA) in 1998 and the 

National Environmental Management: Air Quality Act (Act No. 39 of 2004) (NEM: AQA) in 2004. 

In South Africa, acceptable levels of atmospheric pollutants that is not detrimental to human health 

or well-being was specified through the creation of the National Ambient Air Quality Standards 

(NAAQS) for criteria pollutants5 in terms of Section 9(1) of NEM: AQA (SA DEA, 2009; SA DEA, 

2012b; SA DEA, 2018). NEMA and NEM: AQA, in turn, are responsible for promulgating several 

lists, regulations, guidelines, and declarations aimed at achieving these standards and protecting 

the environment from air pollution. Of these, the declarations made in terms of Section 18 (1) of 

NEM: AQA and the list of activities published in terms of Section 21 of NEM: AQA require some 

contextualisation, as they are referred to in later sections and chapters.  

Priority areas are declared in terms of Section 18 (1) of NEM: AQA when there is reason to believe 

that the NAAQS in an area is being or may be exceeded, or a situation exists that is causing or 

may cause a detrimental impact on the air quality in an area. To date, South Africa has declared 

three airshed priority areas at a national level. None have been declared at the provincial level. 

 
5 These criteria pollutants are sulphur dioxide (SO2), nitrogen dioxide (NO2), particulate matter 10 (PM10), particulate 
matter 2.5 (PM2.5), ozone (O3), benzene (C6H6), lead (Pb) and carbon monoxide (CO). 
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The priority areas include the Highveld Priority Area (HPA), the Vaal Triangle Airshed Priority 

Area (VTAPA) and the Waterberg Bojanala Priority Area (WBPA) (SA, 2006; SA, 2007; SA, 2012). 

All three fall within the extensive interior plateau of South Africa. Air quality management plans 

(AQMPs) (SA DEA, 2012a; SA DFFE, 2021; SA DEA, 2015) have been developed for each 

priority area in terms of Section 19 of NEM: AQA.  

Another important regulatory tool for achieving NAAQS is licensing atmospheric emissions from 

significant industries. The list of activities published in terms of Section 21 of NEM: AQA in 

Government Notice (GN) 893 in Government Gazette (GG) 37054 dated 22 November 2013 (as 

amended6) (“S21 listed activities”) are activities believed to have or present significant detrimental 

effects on the environment. The S21 listed activities are divided into ten categories and cover a 

range of significant industries7. Minimum emission standards (MES) are specified for existing- 

and new plants for each S21 listed activity and compliance timeframes are provided for each type 

of plant. To ensure the regulation of the impact on air quality from these dangerous or potentially 

dangerous activities, Section 22 of NEM: AQA provides that no person may perform any S21 

listed activity without an atmospheric emission license (AEL). Compliance with the maximum 

release rates (based on the MES) and other conditions within the AEL or provisional AEL are then 

tracked and enforced by Licensing Authorities and Environmental Management Inspectors.  

2.2 Air quality in the Highveld region 

2.2.1 Industry and urbanisation in the Highveld 

The extensive interior plateau (“the greater Highveld”) of South Africa (Scheifinger & Held, 1997) 

is marked by large industrial and urban areas (Freiman & Piketh, 2002; Lourens, 2012; Paton-

Walsh et al., 2022; Scheifinger & Held, 1997; Venter et al., 2012). South Africa holds the largest 

share (91%) of the platinum group metals (PGM) reserves in the world (DMR, 2019; GCIS, 2012; 

Yager, 2022). Most of the PGM is produced in the Bushveld Igneous Complex (BIC) (Venter, 

2012), a vast composite of plutonic and volcanic rocks (Cousins, 1959) stretching across the 

North-West, Gauteng, Mpumalanga, and Limpopo (Venter et al., 2012). The BIC also has 

significant reserves of chrome, vanadium, cobalt, nickel, tin, and copper (Venter, 2012). In 

addition, most of the coal reserves in South Africa (70%) can be found in the greater Highveld 

(Jeffrey, 2005). The Mpumalanga central basin, comprised of the Witbank-, Highveld- and Ermelo 

coalfields, yielded 82.5% of the coal in South Africa in 2016 (DMR, 2019). The significant deposits 

of many important minerals have given rise to the industrialised Highveld in Mpumalanga 

 
6 As amended by GN 551 of GG 38863 on 13 June 2015, GN 1207 in GG 42013 on 31 October 2018, GN 686 in GG 
42472 on 22 May 2019. 
7 These include large combustion installations; petroleum production, handling, storage, and recycling; carbonisation 
and coal gasification; metallurgical activities; mineral processing, storage, and handling; activities in the inorganic 
chemicals industry; the thermal treatment of hazardous and general waste; pulp and paper manufacturing and animal 
matter processing. 
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(Freiman & Piketh, 2002; Paton-Walsh et al., 2022; Scheifinger & Held, 1997) and the large 

industrial areas over the western BIC (Venter et al., 2012) along the northern side of the 

Magaliesberg mountains. The western limb of the BIC is the most exploited and developed 

(Venter et al., 2012). The Gauteng province is centrally located between the Mpumalanga 

Highveld and the western BIC. In addition to having heavy industry, the urban areas, towns, and 

cities of Gauteng have integrated into a city region (GCRO, n.d). Gauteng is the smallest province 

in South Africa, however, most South Africans (26.6%) live in this province, making it the most 

densely populated province in South Africa and home to the Johannesburg-Pretoria megacity 

(Lourens, 2012; Stats SA, 2022).  

2.2.2 Sources of air pollution in the Highveld  

The air quality of the Highveld (mainly the industrial and urban areas) is impacted on by a wide 

range of air pollution sources that include but are not limited to, mining, industry, traffic, domestic 

fuel- and biomass burning (Altieri et al., 2022; Beukes et al., 2013; Feig et al., 2016; Lourens et 

al., 2011; Piketh et al., 1999a; Scorgie et al., 2005; Venter et al., 2012). A concern that these 

sources may be causing a negative impact on the air quality of the Highveld has led to the 

declaration of three airshed priority areas in the region. These priority areas are the Highveld 

Priority Area (HPA), the Vaal Triangle Airshed Priority Area (VTAPA), and the Waterberg Bojanala 

Priority Area (WBPA) (SA, 2006; SA, 2007; SA, 2012). Within the HPA, primary sources include 

power generation, coal mining, primary metallurgy, secondary metallurgy, brick manufacturing, 

the petrochemical industry and other industries in Ekurhuleni and Mpumalanga (SA DEA, 2012a). 

Significant sources in the VTAPA include windblown dust from mine waste facilities, product 

stockpiles, ash storage facilities, domestic fuel burning, mobile sources, biomass burning, 

industrial sources, Biogenic volatile organic compound emissions and ammonia emissions from 

agriculture (SA DFFE, 2021). The WBPA comprises the Waterberg District Municipality (DM) and 

the Bojanala-Platinum DM. Power generation is considered the leading industrial source sector 

in the Waterberg DM within the WBPA (SA DEA, 2015). The Matimba coal-fired power plant and 

the Grootgeluk coal mine contributed to approximately 96% of emissions in the Waterberg DM. 

The AQMP notes that most of the mines did not provide their emission data, and it is, therefore, 

possible that the contribution of particulate matter 10 (PM10) and sulphur dioxide (SO2) emissions 

from coal-fired power plants are overestimated (SA DEA, 2015). Within the Bojanala-Platinum 

DM, mining and mineral processing is considered the primary source of emissions. The 

exploitation of the western BIC includes PGM mining, chromite mining, refineries, ferrochrome 

smelting, ferrovanadium production, vanadium pentoxide production and pyrometallurgical 

smelting (Venter et al., 2012). Other sources of concern include motor vehicle emissions, mining, 

domestic fuel burning in rural areas, waste disposal and burning of waste, biomass burning, 

agricultural activities and transboundary movement of air pollutants (SA DEA, 2015). The air 
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pollution sources within the Highveld range from mining, processing, refining, manufacturing, 

energy generation, agriculture, waste management, biomass burning, traffic, and domestic 

activities such as fuel burning and are more evident in the industrial and urban areas of the 

industrial Highveld, the western BIC, airshed priority areas and the Gauteng province.  

2.2.3 Air pollution source contribution in the Highveld  

The industrial sector is a significant contributor to air pollution in the HPA, the VTAPA and the 

WBPA (SA DEA, 2012a; SA DFFE, 2021; SA DEA, 2015). Approximately 90% of the estimated 

industrial emissions of particulate matter (PM), SO2 and nitrogen oxides (NOx) in South Africa 

originate from the industrial Highveld in Mpumalanga (Freiman & Piketh, 2002; Held et al., 1996; 

Wells et al., 1996). PM10 and PM2.5 are particulate air pollutants with aerodynamic diameters less 

than 10 and 2.5 micrometres, respectively. Figure 1 shows that opencast mine haul roads account 

for approximately half of the estimated annual PM10 emissions in the HPA (SA DEA, 2012a). At 

the same time, coal-fired power generation emits 73% of the total estimated NOx and 82% of the 

total estimated SO2 (SA DEA, 2012a). The second generation AQMP for the VTAPA found the 

industrial sector to be the most significant contributor of SO2 (99.8%), NOx (93%) and PM10 (52%) 

emissions in the VTAPA. Figure 2 shows that windblown dust from mine waste facilities, product 

stockpiles and ash storage facilities are the main contributors to PM2.5 (56%), followed by 

domestic fuel burning (29%). Carbon monoxide (CO) emissions were found to originate primarily 

from domestic fuel burning (28%), transport (27%), biomass burning (26%) and industrial sources 

(19%). 55% of non-methane volatile organic compounds (NMVOCs) were attributed to Biogenic 

volatile organic compound (VOC) emissions from plants, and agriculture was found to be the 

primary source of ammonia emissions (NH3) (87%) (SA DFFE, 2021). Figure 3 shows that power 

generation is the leading industrial source sector in the Waterberg DM in the WBPA, contributing 

to 62% of PM10, 99% of SO2 and 99% of total NOx emissions from industries in the municipality 

(SA DEA, 2015). Unlike the Waterberg DM, there is no significant outlier in the Bojanala-Platinum 

DM. Mining and mineral processing was found to be the primary source of PM10 (80%), SO2 (78%) 

and NOx (70%) emissions (SA DEA, 2015). The Waterberg DM is also home to two large coal-

fired power plants, Matimba (3990 MW) and Medupi (4800 MW)8 9. The VTAPA AQMP attributes 

most of the SO2 and NOx in this area to the industrial sector. However, the large, Lethabo coal-

fired power plant (3708 MW10) formed part of the industrial sources that contributed significantly 

to SO2 and NOx. It is, therefore, sensible that the power sector, particularly coal-fired power, is 

considered the highest contributor of SO2 and NOx in the Highveld (Pretorius et al., 2017; Ross, 

2003; Sivertsen et al., 1995; Scorgie et al., 2004; Scorgie & Thomas, 2006).  

 
8 The total capacity (MW) for Matimba and Medupi was taken from Escience Associates, 2017. 
9 The Medupi coal-fired power plant only achieved commercial operation status in 2021.  
10 The total capacity (MW) for Lethabo was taken from NEC, 2018. 
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Figure 1: The relative contribution of significant polluters to total emissions of PM10 (top left), NOx (top right) 
and SO2 (bottom left) in the HPA (Adapted from SA DEA, 2012a). 

 

 
 

Figure 2: The relative contribution of significant polluters to total emissions of SO2, NOx, PM10, PM2.5, CO, 
NMVOC and NH3 in the VTAPA (Adapted from SA DFFE, 2021). 
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Figure 3: The relative contribution of significant industrial polluters to total emissions of SO2, NOx and PM10 
in the WBPA (Adapted from SA DEA, 2015). 
2.2.4 Atmospheric conditions and circulation in the Highveld 

Meteorological conditions 

The meteorology in the Highveld favours the accumulation of air pollution, especially in winter 

(Garstang et al., 1996; Tyson et al.,1988; Tyson et al.,1996). The Highveld climate is affected by 

four major circulation types: semi-permanent subtropical high-pressure, transient mid-latitude 

ridging high-pressure, westerly baroclinic disturbances, and barotropic quasi-stationary tropical 

easterly waves (Garstang et al., 1996; Tyson et al., 1996). Anticyclonic circulation prevails 

throughout the year, particularly in the winter (80%) (Garstang et al., 1996; Tyson et al.,1988; 

Tyson et al.,1996). South Africa falls south of 15 ⁰S in the subtropical high-pressure belt (Tyson 

et al., 1996). This region experiences large-scale subsidence (Garstang et al., 1996; Tyson et al., 

1996). The air in the subtropics cools and descends, creating anticyclones (i.e., high-pressure 

areas) (Demircan & Sensoy, 2010). The descending air is warm and dry, and high-pressure areas 

are seen with clear atmospheres and low rainfall (Demircan & Sensoy, 2010). Elevated inversions 

are common in anticyclones (i.e., high-pressure areas) (Preston-Whyte & Tyson, 1993) and limit 

the height to which air pollutants can diffuse and disperse vertically (Igbafe, 2007). Elevated 

inversions promote the transport of air pollutants over long distances and the recirculation of air 

pollution (Diab, 1975; Harrison, 1993; Garstang et al., 1996). Three main and frequently occurring 

stable layers control the vertical mixing and air transport at the dry season's end. The two lowest 

levels appear to be the most significant and occur with high regularity and spatial ambiguity. The 

lowest layer, approximately 1.5 km above the Highveld surface, is usually seen at the top of the 
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daytime mixing layer. This layer is broken by the regularly occurring westerly wave disturbances 

every 5 to 7 days (Garstang et al., 1996). Above this layer, at approximately 3.5 km above the 

Highveld surface, is another stable layer that persists for up to 40 days (Garstang et al., 1996). 

Transport to the upper troposphere can only occur when this layer is not present and strong, and 

deep lifting by convection occurs (Garstang et al., 1996). A near-ground level (a few tens of 

meters) temperature inversion develops at night when the earth’s surface cools. Surface 

inversions are stronger in drier atmospheres. A less intense inversion layer of a few hundred 

meters forms above this layer, and a third isothermal layer usually occurs above the second less 

intense inversion layer. These three layers form the stable night-time surface layer. In winter, the 

average inversion (280m deep, with a temperature difference of 7-8⁰C between the near-ground 

and top of inversion levels) occurs every four out of five nights (Tyson et al.,1988). In summer, 

surface inversions may appear more than two out of three nights. Only clouds or fierce winds will 

prevent surface inversion from forming. Due to fierce winds, spring has the least frequent amount 

of inversions (Tyson et al.,1988). The Highveld falls within a summer rainfall region with frigid and 

dry winters. (Musina & Rutherford, 2010; Tyson et al., 1976). Figure 4 shows the average monthly 

precipitation and mean daily minimum and maximum temperatures for the grassland and savanna 

biomes in the Highveld. The semi-permanent anticyclonic circulations over the Highveld region 

result in meteorological conditions that are highly unfavourable for the dispersion of air pollution. 

These conditions include clear skies, a highly stable vertical atmosphere, low wind speeds, 

frequent surface- and elevated temperature inversions and low rainfall, particularly in the winter 

(Demircan & Sensoy, 2010; Garstang et al., 1996; Tyson et al.,1988; Tyson et al.,1996).  

 

 
 

 

 
 

Figure 4: Climate diagrams of biomes extracted from Musina & Rutherford, 2010. The blue bars indicate 
the average monthly precipitation. The upper and lower red lines represent the mean daily maximum and 
minimum temperatures 11. The Grassland biome occurs over the greater part of the study area. Some areas 
fall within the Savanna biome, particularly the north-western corner of the study area. Climatically the 
Grassland and Savanna biomes are similar, with lower temperatures in the Grassland biome (Adapted from 
Musina & Rutherford, 2010). 

 
11 MAP: Mean Annual Precipitation; APCV: Annual Precipitation Coefficient of Variation; MAT: Mean Annual 
Temperature; MFD: Mean Frost Days; MAPE: Mean Annual Potential Evaporation; MASMS: Mean Annual Soil 
Moisture Stress. 



 

12 

Air masses transported to the Highveld 

Most of the air transported into the Highveld is clean marine air. However, the region can be 

impacted by emissions from subtropical Africa and South Africa (Freiman & Piketh, 2002). Figure 

5 gives a rough illustration of the primary pathways of air transported into the Highveld and the 

percentage occurrence of the pathways. The four major transport pathways to the Highveld 

include airflow from the Atlantic Ocean, the Indian Ocean, subtropical Africa, and South Africa. 

Air is transported most frequently (43%) from the Atlantic Ocean, followed by the Indian Ocean 

flow (26%), the African flow (25%), and the subcontinental flow (7%). A sizeable portion of the air 

(at least 43%) impacting the Highveld is clean marine air (Freiman & Piketh, 2002). The African 

flow carries particulate emissions from substantial biomass burning and tall stacks north of South 

Africa into its centre (Andreae et al., 1996; Garstang et al., 1996; Piketh, 1996). The African flow 

may carry industrial emissions from as far as central-southern Africa, particularly from the 

Zambian “copper belt” over South Africa (Freiman & Piketh, 2002).  

 

 
 

Figure 5: Air transport pathways (based on a group of trajectories between 850 and 700 hPa) and frequency 
(%) of occurrence of air moving to the Highveld (Taken from Freiman & Piketh, 2002). 

Air masses transported from the Highveld 

Air pollution transported out of the industrial Highveld in Mpumalanga can reach remote regions 

of South Africa and southern Africa (Piketh et al., 1999a; Piketh et al., 1999b). Air pollution is 

transported out of the Highveld through direct or recirculated low to mid-tropospheric flow. The 
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direct transport of material in a northerly (to the south Indian Ocean), easterly (the Atlantic Ocean), 

southernly (to equatorial Africa) and westerly (to the Indian Ocean) direction of the Highveld 

occurs with minor delay (Freiman & Piketh, 2002). The air passing over the industrial Highveld is 

transported mainly to the southwest and south Indian Ocean (45%), followed by regional and 

subcontinental scale recirculation (33%) and air transported to the Atlantic Ocean (14%) (Freiman 

& Piketh, 2002). Air masses over the central region of South Africa are expected, on average, to 

recirculate 40% of all days in a year, with the highest frequency (70%) in July. Up to 54% of the 

particulates transported across southern Africa complete one recirculation cycle before exiting to 

the Indian Ocean to the East. As much as 23% may be recirculated a second time (Tyson et 

al.,1996). Recirculation occurs over distances that range from tens to thousands of kilometres 

(Tyson et al.,1996). Depending on the scale of the circulation, local recirculation periods range 

from 2 to 9 days (Freiman & Piketh, 2002). The effects of recirculating particulates may be 

considerable (Tyson et al.,1996). Figure 6 gives a rough illustration of the primary pathways of air 

transported out of the Highveld and the percentage occurrence of the pathway. The recirculated 

air parcels can reach the remote regions of South Africa within hours to 2-7 days (Freiman & 

Piketh, 2002). A substantial portion (41%) of the direct and recirculated airflow originating over 

the industrial Highveld affects neighbouring countries, especially Botswana, Mozambique, and 

Zimbabwe (Freiman & Piketh, 2002). In stable atmospheric conditions, the air from the industrial 

Highveld may reach as far as Kenya and Zaire (Freiman & Piketh, 2002; Gatebe et al., 1999). 

 

 
 

Figure 6: (a) The primary pathways of air transported out of the Highveld at 800-700 hPa and the occurrence 
(%) the pathway. (b) Seasonal air transport at 800-700 hPa. (c) Seasonal air transport at 600-500 hPa 
(Adapted from Freiman & Piketh, 2002). 
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2.2.5 Air quality hotspot areas in the Highveld  

Air pollution contributes significantly to premature mortality. A large body of evidence suggests 

that exposure to air pollution can have severe health impacts (Brook et al., 2004; Brook et al., 

2010; Dockery et al., 1993; Hystad et al., 2020; Lim et al., 2020; Mannucci & Franchini, 2017; 

McGranahan & Murray, 2003; Pope et al., 2002; Rao, 2015; Schraufnagel, 2018a; Schraufnagel, 

2018b). Lelieveld et al. (2015), following the 2010 global burden of disease, calculated 3.3 million 

(95% UI: 1.16 to 4.81 million) premature mortality globally per year (predominantly in Asia) and 

projected that, based on a business-as-usual scenario, the impact of outdoor air pollution could 

double by 2050. However, the 2020 Global Burden of Disease study found that in 2019, air 

pollution already contributed to an estimated 6.67 million premature loss of life (95% UI:5.9 to 

7.49 million) globally. Air pollution has become the fourth overall and the leading environmental 

risk factor for premature mortality (GBD 2019 Demographics Collaborators, 2020, HEI, 2020; 

WHO, 2021b). Bauer et al. (2019) estimated that 89% of premature deaths in South Africa are 

due to air pollution from anthropogenic emissions. 

The presence of significant emitters in the Highveld (Altieri et al., 2022; Beukes et al., 2013; Feig 

et al., 2016; Lourens et al., 2011; Piketh et al., 1999a; SA, 2006; SA, 2007; SA, 2012; Scorgie et 

al., 2005; Venter et al., 2012), the air pollution from the African flow (Andreae et al., 1996; Freiman 

& Piketh, 2002; Garstang et al., 1996; Piketh, 1996) and the meteorological conditions 

unfavourable for atmospheric dispersion (Garstang et al., 1996; Tyson et al.,1988; Tyson et 

al.,1996) have created areas in the Highveld region where levels of criteria air pollutants are in 

exceedance or likely to exceed the NAAQS for these pollutants (Feig et al., 2019; Garland et al., 

2017; Govender & Sivakumar, 2019; Khumalo, 2020; Lourens et al., 2012; Venter et al., 2012; 

SA, 2006; SA, 2007; SA, 2012). Nine hotspot areas where ambient concentrations of PM10, SO2 

and NO2 exceed or are likely to exceed national ambient air quality standards have been identified 

in the HPA. These hotspot areas include Emalahleni, Kriel, Steve Tshwete, Ermelo, Secunda, 

Ekurhuleni, Lekwa, Balfour and Delmas (SA DEA, 2012a). PM10 exceeds or is predicted to exceed 

its ambient standards in all hotspot areas except Kriel and Delmas. NO2 exceeds or is predicted 

to exceed its ambient standards in Steve Tshwete and Secunda. SO2 exceeds or is predicted to 

exceed its ambient standards in all hotspot areas except Balfour (SA DEA, 2012a). Global maps 

from satellite retrievals show the Highveld as a prominent NO2 hotspot (Lourens et al., 2012). 

Lourens et al. (2012) found a second NO2 hotspot, the Johannesburg-Pretoria megacity, where 

peak morning and afternoon NO2 levels exceeded the maximum daily levels found over the 

Highveld. Six hotspot areas have been identified in the VTAPA. These hotspot areas include the 

residential areas of Sasolburg, Zamdela and Coalbrook (Zone 1), an area just south of the 

residential area of Vereeniging (Zone 2), developments of Vanderbijl Park and Sebokeng (Zone 

3), residential developments of Vereeniging and Meyerton (Zone 4), residential developments of 
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Orange Farm, Evaton and Ennerdale (Zone 5) and the residential area of Soweto. PM10, SO2 and 

NOx, are of concern for all zones. VOCs are of concern for all zones except Zone 2, and H2S is 

of concern in Zone 1. Odour is of concern in Zone 3, and ozone (O3) is a concern in Zone 3 and 

4 (SA DFFE, 2021). Areas of concern in the WBPA include high concentrations of SO2 affecting 

towns in the Phalaborwa region and predicted exceedances of the PM10 National NAAQS near 

human settlements around Lephalale (SA DEA, 2015). It is anticipated that the WBPA will be 

impacted by the extended transport of emissions from the Morupule Power Plant near Palapye in 

eastern Botswana (SA DEA, 2015). 

2.2.6 Ambient PM2.5 in the Highveld  

Ambient PM2.5 exceeding NAAQS in the Highveld 

Among all the criteria air pollutants, PM2.5 may present the most significant risk to human health 

in the Highveld. Annual average levels of SO2 at several sites, except for eMalahleni, within the 

HPA, the VTAPA and the WBPA, were considerably lower than its NAAQS (Feig et al., 2019; 

Khumalo, 2020). In contrast, the annual average levels of PM10 and PM2.5 were found in non-

compliance with historical and current NAAQSs (Feig et al., 2019; Garland et al., 2017; Govender 

& Sivakumar, 2019; Khumalo, 2020). Sampling from 2008 to 2010 at Marikana found ambient 

concentrations of PM10 and O3 to frequently exceed their respective NAAQS (Venter et al., 2012). 

The 2019 global burden of disease study found air pollution to be the leading environmental risk 

factor for premature mortality and considers long-term exposure to PM2.5 as its dominant 

contributor (GBD 2019 Demographics Collaborators, 2020, HEI,2020). The relationship between 

exposure to PM2.5 air pollution and the increased risk of health effects is well-documented (Chung 

et al., 2015; Krewski et al., 2009; Lepeule et al., 2012; Lin et al., 2017; Liu et al., 2019; Ostro et 

al., 2015; Pope et al., 2002; Valavanidis et al., 2008; Yang et al., 2019). In South Africa, and 

therefore over the Highveld, the current NAAQS for annual PM2.5 is 20 µg/m3 and 15 µg/m3 from 

1 January 2030 (SA. DEA. 2012b). The NAAQS in South Africa are much higher than those 

recommended by the WHO (2005 AQG: 10 µg/m3 & 2021 AQG: 5 µg/m3, WHO, 2006), and 

adverse health effects have been found to persist at concentrations far below those 

recommended by the WHO (Brauer et al., 2019; Shah et al., 2013; Wellenius et al., 2012). The 

increased risk of health effects from exposure to PM2.5 air pollution is well documented. However, 

ambient PM2.5 in South Africa is regulated at levels well above those recommended by the WHO 

and those found to present adverse impacts on human health. This means that even if PM2.5 

levels in South Africa fell below the NAAQS, there is still a risk that it may impact human health. 

Regardless of the higher standard for annual average PM2.5 (compared to WHO guidelines), 

several areas within the Highveld region experience PM2.5 at levels exceeding the current NAAQS 

for annual average PM2.5, signifying the severity of the problem in South Africa (Garland et al., 

2017; Govender & Sivakumar, 2019; Khumalo, 2020). Figure 7 shows the annual average 
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concentrations of PM2.5 at Ermelo, Hendrina, Middelburg, Secunda and eMalahleni within the 

HPA with frequent exceedances of the NAAQSs for annual average PM2.5 from 2009 to 2019 

evident. Exceedances of the NAAQSs for annual average PM2.5 are even more prevalent at 

Diepkloof, Kliprivier, Sebokeng, Sharpeville, Three Rivers and Zamdela in the VTAPA. Govender 

& Sivakumar (2019), in a decadal analysis of PM2.5 ground-level concentrations in the VTAPA, 

found Kliprivier to have the highest frequency exceedances of the daily NAAQS for PM2.5 over ten 

years (2017 to 2017). PM2.5 monitoring results from 2013 to 2019 for sites in the WBPA show that 

ground-level concentrations of PM2.5 at Lephalale did not exceed the the current and previous 

NAAQS annual average PM2.5 standard limit. At Mokopane, the annual average concentrations 

of PM2.5 exceeded the 2012-2015 NAAQS for annual average PM2.5 in 2013; however, it fell below 

it in 2014. The graph for the WBPA in Figure 7 gives no results for 2015 and 2016. In 2017, it 

reached the current NAAQS for annual average PM2.5; however, it fell below it again in 2018 and 

2019. For Thabazimbi, there are only PM2.5 results for 2013, 2018 and 2019 in the WBPA graph 

in Figure 7. The annual average concentrations of PM2.5 for 2013 fell below the 2012-2015 

NAAQS, and in 2018 and 2019, it reached the current NAAQS. The annual average PM2.5 at all 

the sites mentioned above within the HPA, the VTAPA and the WBPA persist above the planned 

2030 NAAQS for annual average PM2.5. Secunda (2018), eMalahleni (2017), Kliprivier (2018), 

Sebokeng (2016 & 2018), Three rivers (2016), Zamdela (2016 to 2018) and Xanadu (2018 & 

2019) continue to have annual average concentrations of PM2.5 above the previous NAAQS 

annual average PM2.5 standard limit. Some areas in the Highveld region have ambient PM2.5 

exceeding the current and future NAAQS for annual average PM2.5, which are well above those 

recommended by the WHO and those found to present adverse impacts on human health. 

Although the general trend for ambient PM2.5 shows a decrease (Feig et al., 2019; Garland et al., 

2017; Govender & Sivakumar, 2019), many of the areas in the HPA and VTAPA show persistent 

trends of non-compliance with the current and future annual average NAAQS for PM2.5 for several 

years to come (Feig et al., 2019). Based on historical trends of observed data, it is anticipated 

that the ambient PM2.5 at Kliprivier and Three Rivers will only comply with the current annual 

NAAQS in 2035 and 2039, respectively and the 2030 annual NAAQS in 2042 and 2053, 

respectively (Feig et al., 2019). Figure 8, taken from a study evaluating the potential use of remote 

PM2.5 data retrieved from satellites in mapping ground-level PM2.5 for the VTAPA, shows the 

spatial variations of satellite-derived annual PM2.5 concentrations with an increase in annual PM2.5 

from 2009 (33 µg/m3) to 2016 (41 µg/m3) over the VTAPA evident, most significantly in 2015 and 

2016. A possible explanation for the high PM2.5 concentrations in 2015 and 2016 is an increase 

in the aerosol optical depth due to the changes in aerosol mass movement during El Niño 

episodes in South Africa (Muyemeki et al., 2020). It should be noted that studies have found weak 

agreement between the satellite-retrieved data and ground-level measurements, with the satellite 
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retrievals tending to overestimate PM2.5 (Muyemeki et al., 2020; Garland et al., 2017). The 

exceedance of the current and future NAAQS for annual average PM2.5, which are well above 

those recommended by the WHO and those found to present adverse impacts to human health, 

may persist for several years. 

 

 
 

 

 
 

 

 
 

Figure 7: Annual average PM2.5 concentrations (µg/m3) for sites within the HPA, VTAPA and WBPA. The 
red line approaches the current NAAQS (2016-2029). The purple line represents the past NAAQS (2012-
2015). The green line represents the future NAAQS (from 2030). The dark blue and light blue represents 
2005 and 2021 WHO air quality guidelines, respectively (Adapted from Khumalo, 2020 by adding the purple, 
green and blue lines). 
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Figure 8: Spatial variations of satellite derived annual PM2.5 concentrations from 2009 to 2016 over the 
VTAPA (Taken from Muyemeki et al., 2020). 

Sources of ambient PM2.5 in the Highveld  

Anthropogenic sources contributing to PM2.5 air pollution are vast (Charlson et al., 1992; 

Karagulian et al., 2016; Tomasi & Lupi, 2017; US EPA, 2019); therefore, identifying the major 

source contributors in the Highveld is critical to developing a targeted approach to air quality 

management. Temporal variations and the chemical composition of ambient PM2.5 can give 

valuable insights into the major sources of PM2.5 in the Highveld region. 

Temporal variations of PM2.5 ground-level concentrations can infer local sources of PM2.5 in the 

Highveld region. Figure 9 and Figure 10 show strong seasonal and diurnal trends of PM2.5 in 

Johannesburg (Buccleuch) and the VTAPA (Hersey et al., 2015; Govender & Sivakumar, 2019). 

The highest levels of PM2.5 were found in the early morning, early in the evening and generally 

during winter (Govender & Sivakumar, 2019; Hersey et al., 2015). Hersey et al. (2015) found that 

the highest concentrations of particulates occurred in the winter for all study sites (i.e., 

township/domestic burning, urban/suburban residential and traffic) except industrial areas. For 

industrial areas, the maximum particle concentrations were found in summer and were attributed 

to secondary particle formation from industrial precursor gases (Hersey et al., 2015). Hersey et 

al. (2015) explain that in winter, stack emissions are generally emitted above the less stable 

boundary layer into a stable atmosphere and in summer, the deeper boundary layers increase to 

above stacks resulting in the industrial emissions staying in the less stable boundary layer. The 

obvious diurnal patterns of particulates throughout all the seasons highlight domestic burning as 
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an important source contributor in the Highveld throughout the year (Hersey et al., 2015). 

Although domestic burning can have regional impacts on air quality (Kok et al., 2021; Venter et 

al., 2012; Tiitta et al., 2014), it impacts air quality most dramatically close to the emission source 

(Hersey et al., 2015). Govender & Sivakumar (2019) found that the PM2.5 peaks during early 

morning and late afternoon corresponded with domestic fuel use and high traffic volumes. Natural 

and domestic biomass burning are likely source contributors to the higher PM2.5 concentrations in 

winter (Govender & Sivakumar, 2019; Laban et al.,2015; Tshehla & Wright, 2019). 

 

 
 

Figure 9: Seasoned-averaged diurnal PM2.5 for sites within Johannesburg (2004 to 2011) and the VTAPA 
(2007 to 2012). Sites influenced by domestic fuel burning are represented with solid lines. Coarse dashed 
lines represent industrial sires and dashed dot dash lines represent sites influenced by traffic (Adapted from 
Hersey, 2015). 

 

 
 

Figure 10: Daily average PM2.5 concentrations (µg/m3) for 2007 to 2017 for sites within the VTAPA (Taken 
from Govender & Sivakumar, 2019). 
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The chemical composition of PM2.5 can be used to identify major local and regional source 

contributors. The size distribution and composition of PM2.5 are greatly influenced by its source 

(Pope & Dockery, 2006; Lindeque, 2018; Warneck, 1988; WHO, 2006). Table 1 shows the effect 

of boiler technology and control equipment on the characteristics of particulates from coal-fired 

power plants (Chow et al., 2004; Watson et al., 2001). Table 2 shows that sulphates and organic 

carbon can form significant (each >20%) components of ambient PM2.5, and that sulphates may 

be higher in the immediate area of coal-fired power plants. Conradie et al. (2016) found SO4
2- to 

be the most abundant species in the wet deposition samples taken at at Amersfoort, Vaal 

Triangle, Louis Trichardt and Skukuza, followed by NO3
- and NH4

+. SO4
2- concentrations were four 

times higher at Amersfoort and the Vaal Triangle than in Louis Trichardt and Skukuza. NO3
- and 

NH4
+ concentrations were two to three times higher at Amersfoort and the Vaal Triangle than in 

Louis Trichardt and Skukuza. Conradie et al. (2016) point out that fossil fuel combustion is a 

significant source group in Amersfoort (situated close to the industrialised Highveld) and the Vaal 

Triangle. Muyemeki et al. (2021) found coal burning, secondary particulates, industry, and wood- 

and biomass burning to be significant sources of PM2.5 in the VTAPA. Coal and biomass 

combustion-related elements were dominant in the fine fraction (PM2.5) of the samples. The 

secondary particulates consisted mainly of SO4
2-, NO3

- and NH4
+ formed through the chemical 

transformation of precursor emissions from local- or possibly regional sources outside the 

boundary of the VTAPA. Secondary particulates at Kliprivier were found to be likely from coal-

fired power plants (Muyemeki et al., 2021). Walton et al. (2021) assessed the chemical 

composition of fine (PM2.5) and coarse particulates (PM2.5-10) at two residential areas, Embalenhle 

and Kinross, in the HPA. The average PM2.5 concentrations at both sites were higher in winter 

than in the summer. PM2.5 at both sites were primarily comprised of Si, Al, S, SO4
2- and NH4

+ 

during both winter and summer. Of these species, SO4
2- and NH4

+ were the most abundant. Na 

was abundant at both sites during winter, and Ca was abundant during summer. The elements, 

Si, Al, Ca, and Na suggest a crustal origin or coal combustion (Maenhaut et al., 1996; Walton et 

al., 2021). All these species can originate from coal combustion, and the ratios of NO3
- / SO4

2 

point to Industry as a dominant source. The study identified dust, secondary aerosols (primarily 

due to coal combustion), residential combustion, wood and biomass burning, and industry 

(including a neighbouring petrochemical plant and coal-fired power plants) as significant source 

contributors of fine and coarse particulates (Walton et al., 2021). Altieri et al. (2022) considered 

the isotopic composition of nitrates to identify significant sources of NOx in the VTAPA in the 

winter. The coarse mode samples were taken at two densely populated settlements (Sebokeng 

and Zamdela) and one low-density area (Kliprivier) in the VTAPA in July 2018. The study found 

coal-fired power plants, biomass burning and vehicles to be major contributors of nitrates in the 

VTAPA, with coal-fired power plants contributing to more than two-thirds of the nitrates (Altieri et 

al., 2022). In no order, the chemical composition of PM2.5 identifies dust, coal burning, secondary 



 

21 

particulates, industry, vehicles, residential combustion of waste (i.e., domestic and garden waste) 

and wood- and biomass burning as significant sources of ambient PM2.5 in the Highveld (Altieri et 

al., 2022; Conradie et al., 2016; Muyemeki et al., 2021; Walton et al., 2021). 

Table 1: Percentage constituents of PM2.5 emissions from coal-fired power plants in the United States 
(Chow et al., 2004; Watson et al., 2001) 12 13. 

Size Control SO42-- NO3- NH4+ OC EC 
*550 MW  Wet limestone scrubber & baghouse ~11.4 ~2.5 ~0.7 ~62.9 ~2.7 
*600 MW Baghouse Low sulphur coal ~5.7 ~1 ~0.5 ~55.7 ~2.4 
600 MW Baghouse Low sulphur coal ~9.5 ~0.1 ~0.3 ~22.8 ~0.6 
*545 MW 
(Aluminium plant) 

Dry limestone scrubber & potliner 
material ~45.6 ~0.1 ~0.7 ~4.2 ~1.6 

*550 MW Electrostatic precipitator & Baghouse ~46.2 ~0.1 ~5.1 ~10.3 ~0.1 
*550 MW Electrostatic precipitator & Baghouse ~62.2 ~0.0 ~5.3 ~0.9 ~0.1 
**428 MW Unit 1  
& 428 MW Unit 2  

SO2 wet scrubber & Electrostatic 
precipitator ~22.8 ~0.2 ~2.8 ~2.2 ~8.1 

**408 MW  Dry lime SO2 scrubber 
Fabric baghouse ~12.7 ~0.8 ~0.1 ~2.6 ~1.2 

***184 MW Ammonia injection 
Electrostatic precipitator ~3 ~0.3 ~1.5 ~34.1 ~4.3 

***262 MW Ammonia injection 
Electrostatic precipitator ~10.0 ~0.1 ~9.2 ~0.5 ~0.4 

Average ~22.9 ~0.5 ~2.6 ~19.6 ~2.1 
 

The chemical composition of PM2.5 air pollution can also give insight into the contributions of the 

highly industrialised and urbanised areas in the Highveld region on the ambient PM2.5 in more 

remote areas in the greater Highveld. As mentioned, PM2.5 can be transported over long distances 

in the atmosphere. It is, therefore, possible for PM2.5 from sources in, for instance, the 

industrialised Highveld in Mpumalanga to impact areas further away. The Welgegund monitoring 

station is located approximately 25 km northwest of Potchefstroom. The location of the station is 

characterised as a regional background site. There are no major air pollution sources close to the 

site. The nearest coal-fired power station, Lethabo, is located approximately 104 km east of the 

Welgegund station. The site, however, frequently experiences air pollution from the 

Johannesburg and Pretoria metropolitan areas (~120km to the northeast), the western and 

eastern BIC, the Vaal Triangle, and the industrialised Mpumalanga Highveld, often balanced by 

clean air from the west (Beukes et al., 2013; Tiitta et al., 2014; Welgegund.org). Based on 

measurements taken from September 2010 to August 2011, Tiitta et al. (2014) found PM1 at 

Welgegund comprised primarily of OA (48%) and SO4
2- (33%), while NH4

+ and NO3
- contributed 

to 13% and 6%, respectively. The highest OA concentrations were observed during the dry 

season and were attributed to local and regional savannah fires. The highest concentrations of 

SO4
2- were attributed to air masses that had moved over the industrial Highveld (where most of 

 
12 Elements were excluded from the table. 
13 *Pulverised coal dry bottom boiler with tangential injection. ** Bituminous coal (S = 0.4%). *** Bituminous coal (S = 
0.46%). 
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the coal-fired power plants are located). Venter et al. (2018) focused on inorganic species and, 

based on measurements taken from November 2010 to December 2011, found SO4
2- and NH4

+ 

comprised most of the PM1 size fraction and SO4
2- and NO3

- comprised most of the PM1-2.5 and 

PM2.5-10 at Welgegund. NO3
- contributed most in the PM2.5-10 size fraction, and SO4

2- was more 

predominant in the PM1 and PM1-2.5 fractions. The SO4
2- and NO3

- levels measured at Welgegund 

were attributed to old air masses that had moved over regions with major anthropogenic sources. 

When the inorganic ion concentrations collected at Welgegund were compared to levels 

measured in the western BIC (Marikana; November 2008-October 2009), the comparative ratio 

of SO4
2- at Marikana to Welgegund (SO42-Marikana/ SO42-Welgegund) was significantly lower than the ratios 

of nearly all of the other inorganic ions. The lower ratio of SO4
2- shows that Welgegund is receiving 

a disproportionate amount of SO4
2-, sugesting that Welgegund it is not only impacted by SO4

2-  

from Marikana but by SO4
2- from sources further away. The lower ratio is attributed to SO4

2- formed 

from distant sources of SO2 and submicron particulates of SO4
2- that can be transported over long 

distances in the atmosphere. Tiitta et al. (2014) and Venter et al. (2018) found that aged air 

masses over major anthropogenic sources in the Highveld contribute to secondary PM2.5 in the 

atmosphere over Welgegund. 

Table 2: Percentage constituents of ambient PM2.5 in cities in China and Korea 14. 

Source Site SO42- NO3- NH4+ EC OC 
Song et al. (2007) Five urban sites and one rural site 14.5 7.5 6 8 36 
Ye et al. (2003) Two urban sites 23.4 8.7 9.6 11.1 30.3 
Son et al. (2012) Urban (Commercial & residential) 15.5 16.3 8.6 8.3 23.4 
Zhao et al. (2021) Four coal-fired power plant sites 32.5 - 2.3 3.1 7.1 
Average 21.5 10.8 6.6 7.6 24.2 

 

Once the significant source sectors have been identified, apportioning ambient PM2.5 to the 

significant sources in the Highveld region is challenging (Langerman & Pauw, 2018; Maenhaut et 

al., 1996; Piketh et al., 1999a). As previously mentioned, ambient PM2.5 constitutes primary PM2.5 

emitted to the atmosphere, and secondary PM2.5 formed in the atmosphere. Secondary PM2.5 is 

formed from the photochemical oxidation reaction of both inorganic and organic precursors gases 

of natural and anthropogenic origin, which accounts for a large fraction of the PM2.5 mass (Bergin 

et al., 2005; Malfroy et al., 2005; Srivastava et al., 2022; Tomasi & Lupi, 2017; US EPA, 2019; 

Wang-Li, 2015). These precursor gases include SO2, NOx, NH3 and VOCs. NH3 plays a role in 

neutralising sulphuric (H2SO4) and nitric acid (HNO3), leading to the formation of more stable 

particulates with lower volatility (e.g., ammonium nitrate [NH4NO3]). The oxidation of VOCs also 

contributes to the formation of secondary organic aerosols (SOA) (Alfarra, 2004; Seinfeld & 

Pandis, 1998; Srivastava et al., 2022; Tomasi & Lupi, 2017; US EPA, 2019; Wang-Li, 2015). Since 

 
14 Elements were excluded from the table. 
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PM2.5 is emitted and formed in the atmosphere (secondary PM2.5), it is not easy to apportion 

ambient PM2.5 among the vast sources in the Highveld. Figure 11 illustrates the interaction of 

emissions from various sources in the formation of PM2.5 and its transport and removal from the 

atmosphere. 
 

 
 

Figure 11: An illustration of the diversity of anthropogenic sources of PM2.5 and its formation in, transport 
and removal from the atmosphere (Adapted from Bergin et al., 2005). 

2.3 Ambient PM2.5 attributable to coal-fired power plants in the Highveld 

The South African power generation sector, particularly coal-fired power, is a significant 

contributor to ambient PM2.5 in the Highveld. Figure 12 gives the current and planned energy mix 

for South Africa. Figure 12 shows coal energy dominates the current and planned energy mix in 

South Africa (SA. Department of Energy, 2019). The emerging long-term resource plan 

endeavours to diversify the energy mix in South Africa and decrease the installed coal energy 

capacity by approximately 10% (SA. Department of Energy, 2019). Coal will, however, continue 

to play a significant role in electricity generation for time to come, with an estimated 58.8% 

contribution to the annual energy by 2030 (SA Department of Energy, 2019). Most (~90%) of 

South Africa’s electricity is generated by its public power utility, Eskom (Department of Energy, 

2019; Eskom, 2022). Figure 13 gives the installed capacity of Eskom’s generation mix and shows 

85% of its installed capacity comprises of coal fired power plants (Eskom, 2022). Figure 14 gives 

the percentage installed capacity of major coal-fired power plants in the Highveld and shows 

Eskom held approximately 96% of the coal-fired power capacity in the Highveld in 2016. The 

majority of these plants are located in the Highveld (Scheifinger & Held, 1997; Shikwambana et 

al., 2020) and are considered significant emitters of secondary PM2.5 precursor species SO2 and 

NOx in the Highveld (Altieri et al., 2022; Pretorius et al., 2017; Ross, 2003; SA DEA, 2012a; 

https://www.researchgate.net/profile/Lerato-Shikwambana-2
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Scorgie et al., 2004; Scorgie & Thomas, 2006; Sivertsen et al., 1995). Collett et al. (2010) found 

that diurnal variations of SO2 and NOx concentrations in Elandsfontein point to coal-fired power 

plants, while Igbafe (2007) also found diurnal variations of SO2 concentrations in Elandsfontein 

related to coal-fired power plants. Morosele et al. (2020) found a strong positive relationship 

between ambient SO2 and emissions from one coal-fired power station (Grootvlei). Muyemeki et 

al. (2021) found that secondary particulates at Kliprivier were likely from coal-fired power plants. 

Altieri et al. (2022) found that during winter, coal-fired power plants can contribute to more than 

two-thirds of the nitrates in the VTAPA. Conradie et al. (2016) consider fossil fuel combustion as 

a significant source of the SO4
2- in the wet deposition samples taken at Amersfoort (situated close 

to the industrialised Highveld) and the Vaal Triangle. Walton et al. (2021) found coal combustion, 

most likely from industry, to be the source of the secondary PM2.5 at two residential sites in the 

HPA.  

 

 
 

 

 
 

 
 

Figure 12: The current and planned energy mix in South Africa. The chart on the left illustrates the current 
installed MW capacity, and the chart on the right illustrates the capacities planned for 2030. These charts 
are based on figures from Table 5 in the 2019 Integrated Resources Plan. 

 
 

 
 

Figure 13: The current (2022) installed capacity (MW) of the generation mix of South Africa’s public power 
utility, Eskom. This chart is based on figures from an Eskom Fact Sheet (Eskom, 2022). 
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Figure 14: Capacity of the major coal-fired power installations in the Highveld in 2016. This chart is based 
on MW capacities taken from Africon (2005), Escience Associates (2017), Eskom (n.d.a), Eskom (n.d.c), 
GEM Wiki (2022), and the SA. Department of Energy (2019). 

Most Eskom coal-fired plants do not comply with the new plant MES15, particularly SO2 and NOx. 

Historically air pollution controls for the Eskom coal-fired power plants were focused on 

particulates (Eskom, 2019; Table 3). In 2016, none of the power plants in the existing fleet had 

been fitted with NOx or SO2 control (Eskom, 2016). Kendal and Matimba have boilers with Low 

NOx designs. A Low NOx Burner (LNB) was installed at Camden in 2016/2018. The new Medupi 

coal-fired power plant was commissioned with control technology to meet the MES for particulate 

matter (PM) and NOx. Eskom plans to retrofit Medupi with Flue Gas Desulphurisation (FGD) for 

SO2 abatement in 2023/2024. The new Kusile coal-fired power plant will be commissioned with 

control technology to meet new plant MES for PM, NOx and SO2 (Eskom, 2019). In its application 

for relief of compliance with new plant MES for its coal and liquid fuel-fired power plants, Eskom 

prioritised the reduction of PM emissions and proposes to reduce NOx emissions at the three 

greatest emitting power plants: Tutuka, Matla and Majuba (Eskom, 2019).  

Table 3: Overview of Eskom’s current (2019) and future compliance with MES (Adapted from Eskom, 2019). 
Green represents compliance with MES. Orange reflects plants where some units comply with MES. Red 
represents non-compliance with MES.  

Plant 
Existing plant MES 

(2015-2020) 
New plant MES 

(2020-2025) 
New plant MES 

(2025-2030) 
PM SO2 NOx PM SO2 NOx PM SO2 NOx 

Kusile          
Medupi          
Majuba          
Kendal          
Matimba          
Lethabo          
Tutuka          
Duvha          
Matla          

 
15 The MES are prescribed in the “List of activities which result in atmospheric emissions which have or may have a 
significant detrimental effect on the environment, including health, social conditions, economic conditions, ecological 
conditions, or cultural heritage” published in Government Notice (GN) 893 in Government Gazette (GG) 37054 dated 
22 November 2013 (as amended). 
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Kriel          
Hendrina       Decommissioning16 
Arnot          
Camden       Decommissioning 
Grootvlei       Decommissioning 
Komati       Decommissioning 

 

The contribution of the Eskom coal-fired power plants to air pollution is exacerbated by the decline 

in thermal efficiency due to increased energy demands, delayed maintenance, and the return to 

service of older, less efficient power plants (Pretorius et al., 2015a; Pretorius et al., 2015b). A 

Free Basic Electricity Policy was implemented in 2001 (Pretorius et al., 2017). This policy resulted 

in an increase in demand for electricity due to economic growth. This increase in demand and a 

delay in building new power generation capacity placed the country in an ongoing energy crisis 

since 2007 (Pretorius et al., 2017). The increase in energy demand was met by delaying 

maintenance of the power plants (IRP, 2013) and the return to service of three older power plants, 

mothballed during the 1980s and early 1990s (Pretorius et al., 2017). The delay in the 

maintenance of the power plants resulted in a decline in their performance (IRP, 2013). The older, 

previously mothballed, coal-fired power plants have lower thermal efficiencies and less effective 

pollution control technologies (Pretorius et al., 2017). This thermal efficiency decline means more 

coal must be combusted to deliver the same amount of electricity (Pretorius et al., 2017). 

Our understanding of the relationship between ambient PM2.5 and the emissions of PM2.5 and its 

precursor gases from coal-fired power plants in the Highveld remains limited. Although several 

studies have identified coal-fired power plants as significant contributors to ambient PM2.5, fewer 

studies have attributed ambient PM2.5 solely to coal-fired power plants in the Highveld (Gray, 

2019; Steyn & Kornelius, 2018; NEC & PAC, 2018; Myllyvirta, 2014). Several studies (Gray, 2019; 

Marais et al., 2019; Myllyvirta, 2014; NEC & PAC, 2018; Pretorius et al., 2017; Scorgie & Thomas, 

2006; Steyn & Kornelius, 2018; Van Horen, 1996) have used modelling to look at the impact of 

air pollution from coal-fired power plants on human health in South Africa. Five of these studies 

(Gray, 2019; Marais et al., 2019; Myllyvirta, 2014; NEC & PAC, 2018; Steyn & Kornelius, 2018) 

considered the impact of PM2.5 air pollution from coal-fired power plants on human health in South 

Africa. Four studies attribute annual average PM2.5 solely to coal-fired power plants in the 

Highveld (Gray, 2019; Steyn & Kornelius, 2018; NEC & PAC, 2018; Myllyvirta, 2014). Gray (2019) 

simulated the cumulative impact of three major source sectors (Eskom coal-fired power plants, 

Sasol Synfuels and Natref refinery) on PM2.5. Steyn & Kornelius (2018) simulated the cumulative 

impact of two major source sectors, coal-fired power plants and Sasol Synfuels in Secunda, on 

SO2 and sulphates. NEC (2018) simulated the cumulative impact of Eskom coal-fired power 

 
16 Decommissioned by 2030, as per the Integrated Resource Plan (IRP) and Eskom Consistent Data Set using a 50-
year life expectancy (Eskom, 2019). 
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plants on PM2.5. All three studies considered secondary PM2.5. It is unclear if background 

conditions were considered, perhaps through the input of ambient values. However, none of these 

studies explicitly account for pollution transported across the boundary or all other major sources 

in the Highveld (e.g., biomass burning, other industries, biogenic VOCs and ammonia from 

agriculture, domestic fuel combustion and on-road vehicles) in the formation of secondary PM2.5. 

Myllyvirta (2014) used regression models derived from single-source CTM (CAMx & CALPUFF) 

model runs and estimated PM2.5 emissions based on a ratio with PM10 of 4/9. The other three 

studies used the CALPUFF chemical transport model (Gray, 2019; Steyn & Kornelius, 2018; NEC 

& PAC, 2018). Each of the four studies has limitations and does not represent a complete estimate 

of the secondary PM2.5 attributable solely to coal-fired power plants in the Highveld. The impact 

of these coal-fired power plants on human health and well-being in the Highveld region may be 

underestimated. These studies and how they compare to this study are discussed in more detail 

in section 4.5 and Table 16. 

2.4 The dangers of PM2.5 air pollution 

The small size of PM2.5 is one of the main reasons contributing to its threat to human health. PM2.5 

is particles less than 2.5 micrometres in aerodynamic diameter (HEI, 2020; Malfroy et al., 2005; 

Seinfeld & Pandis, 2006; Tomasi & Lupi, 2017; US EPA, n.d.a; WHO, 2006; WHO, 2021a; Xing 

et al., 2016). Figure 15 shows a range of sizes of typical particulate air pollution. Its size allows it 

to bypass the natural defences such as coughing and sneezing out larger particulates. This 

bypass allows PM2.5 to penetrate deep into the respiratory system, reaching the lower respiratory 

tract, particularly the small peripheral airways and the alveoli (US EPA, n.d.b; Falcon-Rodriquez 

et al., 2016; Nemmar, 2013; Nel, 2005; Bauer et al., 2019). Inhaled PM2.5, deposited in the airways 

and alveoli, may dissolve partially or totally, or stay intact (Alfarra, 2004; Seinfeld & Pandis, 1998; 

Seinfeld & Pandis, 2006; US EPA, n.d.b; Xing, 2016). Clearance of particulates accumulated on 

the respiratory epithelium of the alveoli occurs through absorptive and non-absorptive processes. 

The mechanism of respiratory absorption is poorly understood. However, evidence exists for both 

passive and active movement (Lippmann et al., 1980; Morrow, 1973). The primary non-absorptive 

process is phagocytosis. Macrophages ingest the particulates and move them to the 

tracheobronchial airways. Here the particulates are swallowed or expectorated (Lippmann et al., 

1980; US EPA, n.d.b). The clearance half-times of insoluble particulates have been measured as 

days, months, or years (Lippmann et al., 1980). Figure 16 illustrates the compartmental deposition 

of particulate air pollution. PM2.5 also has atmospheric lifetimes of days to weeks, which allows 

them to be transported on a regional scale (Andreae et al., 1996; Bergin et al., 2005; Finlayson-

Pitts & Pitts, 2000; Garstang et al., 1996; Karagulian et al., 2016; Piketh, 1996; Pope & Dockery, 

2006; Tiitta et al., 2014; Tomasi & Lupi, 2017; Venter et al., 2018; WHO, 2006).  
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Figure 15: The range of sizes (on a logarithmic scale) of particulate air pollution, showing the size range of 
the PM2.5 fraction and some of its major components (i.e., sulphates and nitrates) (Taken from WHO, 2006). 

 

 
 

Figure 16: An illustration of the compartmental deposition of particulate air pollution (Taken from Guarnieri 
& Balmes, 2014). 

The composition of PM2.5 is also significant to its impact on health (Lindeque, 2018; Li et al., 2021; 

Kelly & Fussell, 2012; Reiss et al., 2007; Son et al., 2012; Stanek et al., 2011). PM2.5 can be made 

up of a mixture of inorganic and organic particulates, it can be in a solid or liquid state, it can vary 

in quantity, size, structure, surface area, chemical composition, and solubility (Pope & Dockery, 

2006; Lindeque, 2018; Warneck, 1988; WHO, 2006). PM2.5 can consist of fungal spores, pollen, 

polycyclic aromatic hydrocarbons, environmentally persistent free radicals, metals, sulphates, 

nitrates, ammonium, carbon, silicon, sodium ion, and other harmful particulates (Dominici et al., 

2015; Guarnieri & Balmes, 2014; Pope & Dockery, 2006; Raes et al., 2000; Warneck, 1988). The 

alveolar epithelium is very thin, and soluble particulates that reach this deep in the respiratory 

system are believed to enter the blood in the lungs within minutes (Lippmann et al., 1980). 

Although very slowly, particulates that penetrate the alveoli can also transfer through the 

lymphatic drainage system to the lymph nodes and subsequently to the systemic circulation and 

organs (Falcon-Rodriquez et al., 2016; Lippmann et al., 1980; Nemmar, 2013; US EPA, n.d.b). Li 

et al. (2021) found a positive association between the PM2.5 constituents: EC, OC and NO3 and 

all-cause mortality. All three species were significantly linked with cardiovascular disease. EC was 
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also significantly linked with respiratory mortality, and NO3
- was linked with endocrine disease and 

neoplasm. Son et al. (2012) found a significant link between an increase in Mg and total mortality. 

A moderate association was found between NO3, SO4 and NH4 and cardiovascular mortality and 

Mg, Cl, and respiratory mortality. 

Evidence suggests that long-term exposure to PM2.5 can lead to premature death. The US EPA 

conducted a broad review of epidemiology literature on the links between short- and long-term 

exposure to PM2.5 and respiratory-, cardiovascular-, metabolic-, nervous system-, reproductive- 

and developmental effects, cancer, and mortality (Table 4). The latest Integrated Science 

Assessment (ISA) for particulate matter by the US EPA determined that there is a causal 

relationship between short-term and long-term exposure to PM2.5 and cardiovascular effects and 

mortality (US EPA, 2019) (Table 4). The ISA recently received criticism for lack of transparency 

on data evaluation and the conclusions that resulted in causal associations (Prueitt et al., 2021). 

Notwithstanding the evidence for a correlation between long-term exposure to fine particulate 

matter and mortality (Chen et al., 2016; Crouse et al., 2015; Dockery et al., 1993; Enstrom, 2017; 

Garcia et al., 2015; Hart et al., 2011; Hart et al., 2015; Kloog et al., 2013; Krewski et al., 2000; 

Lepeule et al., 2012; Lipfert et al., 2006; Ostro et al., 2015; Pinault et al., 2016; Puett et al., 2011; 

Thurston et al., 2016; Turner et al., 2016; Wang et al., 2016; Wang et al., 2017; Weichenthal et 

al., 2014; Zeger et al., 2008) is substantial and growing. 

Table 4: Causality determinations for PM2.5 exposure and health impacts (US EPA, 2019). 

Health effects Exposure 
Short-term Long-term 

Respiratory effects  Likely to be causal Likely to be causal 
Cardiovascular effects  Causal Causal 
Metabolic effects Suggestive of, but not 

sufficient to infer 
Suggestive of, but not 
sufficient to infer 

Nervous system effects  Suggestive of, but not 
sufficient to infer 

Likely to be causal 

Reproductive and developmental effects Suggestive of, but not 
sufficient to infer 

Suggestive of, but not 
sufficient to infer 

Cancer  Suggestive of, but not 
sufficient to infer 

Likely to be causal 

Mortality Causal Causal 
 

The premature mortality attributed to long-term exposure to unsafe levels of ambient PM2.5 may 

be reduced by reducing emissions of precursor gases (such as SO2, NOx, NH3 and VOCs) from 

significant sources within the industrial centres and urban areas in the Highveld. The estimated 

willingness to pay in South Africa for a relative reduction in mortality risk could justify some of the 

policies necessary to effect these changes. Norman et al. (2007) estimated that exposure to PM10 

and PM2.5 in urban areas caused an estimated 0.9% of all mortality in 2000 (4 637 premature 

mortalities). Altieri & Keen (2019) estimated 14 000 premature mortalities could have been 

avoided in 2012 if South Africa met its current NAAQS (20 µg/m3) for an annual average PM2.5. 
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The relative reduction in the estimated mortality risk has an estimated economic value of 14.0 

billion US dollars (US2011$) which is comparable to 2.2% of the country’s 2012 GDP (World Bank PPP 

US2011$). 

Emissions of secondary PM2.5 precursor species (e.g. SO2 and NOx) from the energy sector, 

specifically coal-fired power plants, present a significant risk to human health and well-being in 

South Africa and the Highveld. Lacey et al. (2017) estimated that 10 868 premature mortalities 

could be avoided by 2030 by switching half of the energy production in South Africa to renewable 

technologies. Coal-fired power plants generate air pollution harmful to human health (Barik, 2021; 

Koplitz et al., 2017; Langerman & Pauw, 2018; Zhao et al., 2021). Marais et al. (2019) found that 

exposure to annual average ground-level concentrations of PM2.5 from 2030 fossil-fuel use in 

South Africa could result in an estimated mortality number of 10 400 (2 000-18 300). Myllyvirta 

(2014) found that the annual average ground-level concentrations of PM2.5, attributable to coal-

fired power plants, contributed to an estimated mortality number of 2 238 (729-4 237) (Baker & 

Foley model) and 2 731 (890-5 171) (Zhou et al. model) within South Africa. This impact on health 

translates to an estimated value of thirty billion Rand (Baker & Foley 2011 model). In a more 

refined study focused on the Highveld, Gray (2019) estimated that the annual average ground-

level concentrations of PM2.5, attributable to coal-fired power plants, contributed to an estimated 

mortality number of 471.2 (315.3-673.6) in the industrial Highveld. 

2.5 Conclusion to literature review 

The concentration of coal-fired power plants within the industrial Highveld, exacerbated by its 

meteorological conditions, may be contributing to the exceedance of the annual average PM2.5 

NAAQS limits and the continued existence of airshed priority areas in the region. There are 

nineteen major coal-fired power plants in the Highveld region. Seventeen of these are 

concentrated in the industrial Highveld. The clear skies, highly stable vertical atmosphere, low 

wind speeds, frequent surface- and elevated temperature inversions and low rainfall in the 

Highveld region, particularly during winter, are highly unfavourable for the dispersion of air 

pollution (Demircan & Sensoy, 2010; Garstang et al., 1996; Tyson et al.,1988; Tyson et al.,1996). 

Unstable conditions, increased rainfall, ambient temperatures, and solar radiation in the 

summertime are favourable for forming secondary particulates (Igbafe, 2007). Ambient PM2.5 has 

been found to exceed the NAAQS for annual average PM2.5 in several areas in the Highveld, and 

exceedances may persist for several years. Through emission inventories, analysis of diurnal 

variations, chemical composition and modelling, several studies have been able to identify coal-

fired power plants as significant contributors to ambient PM2.5, particularly secondary PM2.5, in the 

Highveld (Altieri et al., 2022; Collett et al., 2010; Igbafe, 2007; Morosele et al., 2020; Muyemeki 

et al., 2021; Pretorius et al., 2017; Ross, 2003; SA DEA, 2012a; Scorgie et al., 2004; Scorgie & 

Thomas, 2006; Sivertsen et al., 1995). 
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Although coal-fired power plants have been identified as a significant source contributor to 

ambient PM2.5 in the Highveld, our understanding of the relationship between levels of ambient 

PM2.5, and the emissions of primary PM2.5 and precursor species from these coal-fired power 

plants remains limited. The impact of these coal-fired power plants on human health and well-

being in the Highveld region may be underestimated. Several studies have identified coal-fired 

power plants as significant contributors to ambient PM2.5, particularly secondary PM2.5, in the 

Highveld. Fewer studies have attributed ambient PM2.5 solely to coal-fired power plants in the 

Highveld (Gray, 2019; Steyn & Kornelius, 2018; NEC & PAC, 2018; Myllyvirta, 2014). It is unclear 

if background conditions were considered, perhaps through the input of ambient values. However, 

neither of these studies explicitly account for pollution transported across the boundary or all other 

major sources in the Highveld in the formation of secondary PM2.5. Ambient PM2.5 in the Highveld 

is regulated at levels (SA. DEA. 2012b) well above those recommended by the WHO and those 

found to present adverse impacts on human health (Brauer et al., 2019; Shah et al., 2013; 

Wellenius et al., 2012). Even small contributions by source sectors to long-term PM2.5 exposure 

can have significant impact on human health (Gray, 2019; WHO, 2006). 

  



 

32 

CHAPTER 3: METHODOLOGY 

Chapter 3 presents the methodology applied to achieve the objectives in Chapter 1. It describes 

the model setup, data used, the model performance evaluation, the health impact function, and 

the valuation method.  

3.1 Simulating atmospheric chemistry in the Highveld 

This study is the first to use a Eulerian chemical transport model to simulate the emissions from 

coal-fired power plants in the Highveld with other major sources at a comparatively fine horizontal 

grid resolutions to estimate the PM2.5 attributable to the coal-fired power plants. There are two 

types of chemical transport air quality models, Eulerian- and Lagrangian. The main distinction 

between these two models is how they treat flow. Eulerian models have a coordinate system fixed 

in space, whereas the coordinate system in the Lagrangian models follows the air parcels 

(Ramboll, 2020). Due to their inherent computational efficiency, Eulerian models may be more 

complex. They can be built to give a more comprehensive (non-linear chemistry) simulation of the 

atmosphere within a region of interest (Ramboll, 2020). Eulerian models, therefore, require ample 

resources, skill, and time (Ramboll, 2020). Of the previous studies using chemical transport 

models focussing on fine particulates, three used a Lagrangian model called CALPUFF (Gray, 

2019; NEC, 2018; Steyn & Kornelius, 2018), while Marais et al. (2019) used a Eulerian model 

called GEOS-Chem. However, as mentioned in Chapter 2, Marais et al. (2019) looked at the 

impact of fossil-fuel use (coal, natural gas- and bunker fuel-fired power plants) and transport on 

human health in Africa and used a coarse grid (0.5° x 0.667°, ∼50 km × 67 km). This study used 

simulations by a Eulerian chemical transport model, the Comprehensive Air Quality Model with 

Extensions (CAMx, version 6.30), to assess the annual average PM2.5 attributed solely to coal-

fired power plants in the industrial Highveld at a comparatively fine horizontal grid resolution. 

This study improves on previous CALPUFF studies (Gray, 2019; NEC, 2018; Steyn & Kornelius, 

2018) that assessed fine particulate air pollution from coal-fired power plants in the Highveld, 

particularly concerning secondary PM2.5. CALPUFF and CAMx can treat secondary PM2.5 

formation and transport. However, MESOPUFF II, the internal chemical mechanism in CALPUFF, 

is less complex than the Carbon Bond 05 mechanism in CAMx. The chemistry in CALPUFF can 

only produce aggregates of sulphates and nitrates, while CAMx can also treat organic aerosols 

and elemental carbon (Trozzi et al., 2009). A model comparison of CALPUFF and CAMx based 

on case studies in Italy for regional air quality planning found CALPUFF a better choice for total 

particulate evaluation. However, CAMx performs better in secondary particulate formation, 

particularly with sulphates (Trozzi et al., 2009). This study simulated all operational coal-fired 

power plants in the Highveld and accounted for the effects of boundary conditions and 
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background emissions from biomass burning, industry, biogenic VOCs and ammonia from 

agriculture, domestic fuel combustion and on-road vehicles. 

This study was built upon an existing modelling platform developed by the Council for Scientific 

and Industrial Research (CSIR) for the Department of Environmental Affairs (now the Department 

of Forestry, Fisheries, and the Environment) funded by the Highveld Health Study. The model 

simulations were run at the Centre for High-Performance Computing (CHPC). The model platform 

was set up by the CSIR over the Highveld using comparatively fine horizontal grid resolutions. 

CAMx is a photochemical grid model. The model comprises a “one-atmosphere” treatment of 

tropospheric air pollution and can cover spatial ranges from neighbourhoods to continents 

(Ramboll Environ, 2016). Photochemical grid models can account for chemical interactions 

between emissions from various sources within a domain (Koo et al., 2009), making them 

valuable tools in assessing the relationship between air pollution and secondary particulates in 

the atmosphere.  

3.1.1 Model setup 

Domain  

Figure 17 shows the study area is focused over the industrial Highveld and includes most of the 

Gauteng province, the entire HPA, most of the VTAPA and a portion of the WBPA and western 

BIC. The model platform was setup with two domains, a parent domain with a horizontal grid 

resolution of 0.06° x 0.06° (~ 6 km x 6 km) and a fine nest domain over the Highveld area with a 

horizontal grid resolution of 0.02° x 0.02° (~ 2 km x 2 km). There are twenty levels in the vertical, 

with the first 7 levels below 1000 m; and the highest at approximately 11 km. Although the study 

focused on the Highveld area (“CAMx Nest”), the larger parent domain is necessary to account 

for the transboundary transport of pollutants into and out of the Highveld area, and those 

recirculated.  
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Figure 17: Map of the study area and model domains. The smaller map in the top corner illustrates the 
boundaries of the CAMx model domains. The red boundary illustrates the parent grid covering the greater 
Highveld area. The blue boundary illustrates the nested grid over the Highveld Priority Area (HPA) and 
most of the Vaal Triangle Air-Shed Priority Area. The larger map shows the distribution of the coal-fired 
power plants within the nested grid and the locations of the ambient air quality monitoring stations used in 
the model performance evaluation. 
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Scenarios 

For this study, two scenarios were simulated. A baseline scenario simulating all significant 

sources within the Highveld and a “concept scenario” where the emissions of all Eskom (i.e., 

large, ≥1 000 MW) coal-fired power plants in the HPA and VTAPA were excluded (“turned off”). 

Eskom coal-fired power plant capacities range from 1 000 MW (Komati) to 4 800 MW (Medupi). 

Other coal fired power plants in the Highveld have capacies below 1000 MW (Figure 14). 

Initial and boundary conditions 

CAMx is a limited area air quality model, which requires initial- and boundary conditions. Ideally, 

these conditions should be based on ambient air quality observations for the modelling period 

and representative of the individual boundaries. However, such high-resolution observations are 

not always available (Jiménez, P. et al., 2006). Observational data representative of each side 

(including model top) of the 6 km parent domain was unavailable. Therefore, the initial and 

boundary conditions were taken from the MOZART-417 (Emmons et al., 2010) global chemical 

transport model. The MOZART-4 output was obtained through the WRF-Chem community via the 

NCAR ACOM18 MOZART.  

The emission inventory for the boundary conditions used MEGAN biogenic emissions, FINN 

biomass burning, and worldwide anthropogenic emissions based on Streets et al. (2003). It is 

assumed that the coarsely resolved global chemical transport model will not capture emissions 

from smaller emitters near the 6 km boundary. However, the emissions from regional sources in 

worldwide inventories are represented. The regional sources of primary concern to the parent 

domain, such as biomass burning in the north and east, as well as windblown dust from the west, 

feed into the Highveld nest domain (CSIR, 2018). Boundary conditions were not required for the 

smaller 2 km domain because it is a nest. Using two-way nesting, CAMx allows the domains to 

interact (CSIR, 2018). 

As model studies are affected by assumed conditions, it is crucial to minimise the influence of 

initial and boundary conditions on a study (Jiménez, P. et al., 2006). Initial conditions usually 

influence a brief period after initialisation, the effects of input emissions and chemistry dominate. 

The CAMx simulations for this study were initialised five days before the start of each month. The 

impact of the initial conditions was minimised by the five-day spin-up period. Impacts from the 

boundary on the Highveld domain are minimised by using the parent/nest configuration.  

 
17 Model for Ozone and Related Chemical Tracers (MOZART). 
18 National Center for Atmospheric Research (NCAR) Atmospheric Chemistry Observations and Modeling (ACOM). 
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Meteorology 

The ACOM MOZART simulation, used in the parent domain, used meteorological fields from 

NASA GMAO GEOS19-5 to drive MOZART-4. CAMx used meteorological input data simulated 

through the WRF20 model version 3.8.1 (Skamarock et al., 2008; CSIR, 2018). WRF was 

configured for three domains, i.e., 18 km, 6 km and 2 km horizontal resolution domains centred 

over the HPA. 

Model chemistry 

The Highveld has many different air pollution sources, and each emits particulates with different 

constituents. The model was setup using the Carbon Bond 05 chemical mechanism (Yarwood et 

al., 2005; CSIR, 2018) for gas-phase chemistry. Aerosol chemistry is described using the CF 

(Coarse-Fine) scheme, which divides the size distribution into fine or coarse. All secondary 

aerosols formed are in fine mode. Inorganic aerosol chemistry is processed through the 

ISORROPIA scheme (Nenes et al., 1998; 1999), while organic aerosol chemistry is processed 

through the SOAP scheme (Strader et al., 1999). Each source within the model setup is 

associated with a speciation profile for non-methane volatile organic compounds (NMVOC) and 

particulate matter (PM). The speciation profiles were taken from the US EPA SPECIATE database 

(Simon et al., 2010; CSIR, 2018). The Speciation Tool, developed by ENVIRON, was used to 

map the SPECIATE database profiles to what is required for CAMx (CSIR, 2018). NMVOC and 

PM emissions from the coal-fired power plants were speciated with the closest profile description 

in the SPECIATE database (S32-1178; Coal-Fired Boiler - Electric Generation for NMVOC and 

92095; Draft Bituminous Coal Combustion - Simplified for PM).  

Photolysis rates 

The chemical process, where molecules are broken down into smaller molecules through light 

absorption, is called photolysis (Britannica, 2018). Photolysis rate inputs are crucial for the CAMx 

photochemical mechanisms (Ramboll Environ, 2016). The photolysis rates were estimated by the 

NCAR TUV21 radiation model and various reference tables developed by the CAMx model 

developer Ramboll Environ (CSIR, 2018). 

Emission inventory  

As mentioned earlier, an emission inventory was developed for input into the MOZART-4 for the 

purpose of determining the model boundary conditions. However, a separate emission inventory 

was developed for the study domain in the CAMx model. The CAMx emission inventory accounted 

for biomass burning, industry, biogenic VOCs and ammonia from agriculture, domestic fuel 

 
19 National Aeronautics and Space Administration (NASA) Global Modeling and Assimilation Office (GMAO) Goddard 
Earth Observing System (GEOS) 
20 Weather Research and Forecasting (WRF). 
21 Tropospheric Ultraviolet and Visible (TUV). 
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combustion and on-road vehicles (CSIR, 2018). The emission inventory used in the CAMx model 

was based on that of the Highveld Health Study but crossed check with coal-fired power 

emissions data in Eskom annual reports and where necessary updated (Table 5). 

The emission inventory was developed for the target year of 2016 for both the parent and nest 

domains. Data for previous years were applied where data for 2016 was not available. Emissions 

were gridded at the domain resolution and vary temporally by the hour. Only industry (including 

power plants) and biomass burning were treated as point sources to account for plume rise and 

other tall stack (high source) characteristics.  

In 2016, Eskom owned fifteen coal-fired power plants: Arnot, Camden, Duvha, Grootvlei, 

Hendrina, Kendal, Komati, Kusile, Kriel, Lethabo, Majuba, Matimba, Matla, Medupi, and Tutuka 

(Eskom, n.d.c). The City of Tshwane Metropolitan Municipality owns the Rooiwal coal-fired power 

plant and the Pretoria West coal-fired power plant. The Rooiwal coal-fired power plant did not 

operate in 2016. Emissions were reported on NAEIS for the Pretoria West coal-fired power plant. 

However, comparing these emissions to those of the Eskom coal-fired power plants, it is possible 

that the plant only operated for testing purposes. Kelvin, a privately owned coal-fired power plant, 

operated in 2016 and was included in the baseline scenario. Thirteen of the Eskom coal-fired 

power plants operated in 2016. These included Arnot, Camden, Duvha, Grootvlei, Hendrina, 

Kendal, Komati, Kriel, Lethabo, Majuba, Matimba, Medupi, and Tutuka. The Kusile coal-fired 

power plant was under construction in 2016. Its first unit was brought into full commercial 

operation in August 2017, and Unit 2 and Unit 3 attained commercial operation status in October 

2020 and March 2021, respectively (Power Technology, n.d.). Construction of Medupi 

commenced in 2007 (Eskom, 2020), and it attained commercial operation status in August 2021 

(Planting, 2021). Although Medupi only attained its commercial operation status in August 2021, 

the NAEIS shows it did operate in 2016. Comparing its 2016 emissions to those of other Eskom 

coal-fired power plants, it is possible that Medupi only operated for testing purposes. These 

thirteen coal-fired power plants were included in the baseline scenario and “switched off” in the 

concept scenario.  

The emissions from biomass burning were extracted from the FINN22 dataset (Wiedinmyer et al., 

2011; CSIR, 2018). Emissions from industrial facilities, including the coal-fired power plants, were 

taken from the South African NAEIS23 (CSIR, 2018). Biogenic emissions were simulated using 

the MEGAN24 (Guenther et al., 2006; CSIR, 2018). Ammonia from agricultural activities was 

based on the ECLIPSE25 version 5 worldwide emissions dataset (Klimont et al., 2013, CSIR, 

 
22 Fire Inventory from NCAR (FINN). 
23 National Atmospheric Emissions Inventory System (NAEIS). 
24 Model of Emissions of Gases and Aerosols from Nature (MEGAN). 
25 Evaluating the Climate and Air Quality Impacts of Short-Lived Pollutants (ECLIPSE). 
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2018). Only emissions from wood, LPG, coal, and paraffin use were estimated for domestic fuel 

combustion. The emissions from coal, LPG and paraffin use were based on national residential 

fuel consumption data taken from the commodity flows and energy balances for 2014 developed 

by the Department of Energy. The emissions from wood use were based on surveyed average 

per household fuel consumption data and the number of households in each small area level 

taken from the Stats SA 2016 Community Survey. The emission factors used were taken from 

several sources (Ballard-Tremeer, 1997; Makonese et al., 2015; Scorgie et al., 2004; Scorgie, 

2012; US EPA AP-42); only a few South African specific studies were available. Emissions from 

on-road vehicles were estimated based on vehicle kilometres travelled and emission factors 

derived from the COPERT 5 (version 5.0.1145) model developed by EMISIA SA. The estimates 

of vehicle kilometres travelled were based on provincial fuel sales, fuel efficiency data, travel 

activity, road count data, typical average annual daily traffic data and official national road 

delineations. The activity data were obtained from the: National Geospatial information services; 

National Household Travel Survey 2013 (Stats SA, 2014a); SANRAL yearbook traffic summaries 

for 2016; GAUTRANS Gauteng manual counts for 2015; Mpumalanga Provincial Road Asset 

Management system; South African Road Classification and Access Management Manual 

(Committee of Transport Officials, 2012) and the 2011 Census (Stats SA, 2014b) (CSIR, 2018). 

Highveld Health Study model performance evaluation 

This section summarises the WRF model performance as assessed within the Highveld Health 

Project. This provides important background information on the performance of the WRF model 

as this was not reassessed in this study. The performance of CAMx in simulating ambient 

concentrations was performed in this study as described in Section 3.1.3  

The WRF model output was compared with meteorological measurements for 2016 from ten 

ambient air quality stations (Ermelo, Hendrina, Middelburg, Secunda, Witbank (Emalahleni), 

Camden, Grootdraaidam, Grootvlei, Komati and Phola). Rainfall data from these stations were 

erroneous (provided an average of its readings for hourly rainfall instead of the total rainfall for 

each hour). They could not be used in the assessment of the model performance.  

On average, the WRF model underestimated temperature by -1.27°C. The U-Wind (east-west 

direction) wind speed was overestimated by approximately 1.65 m/s. The model correlated well 

with the observed diurnal and seasonal temperature and U-Wind profiles. The performance of V-

Wind was less consistent than U-Wind (CSIR, 2018).  

The emission inventory used in this study was based on that of the Highveld Health Study but 

updated with improved coal-fired power emissions data. The CAMx model output for this study 

focused on PM2.5. The simulated PM2.5 concentrations for this study were compared with ambient 

air quality measurements of PM2.5 in Section 4.1. 
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Table 5: Eskom coal-fired power plant stack parameters and annual emissions in 2016 (tonnes). 

Plant 
Coordinates 

(lat, lon in 
degrees) 

Stack 
Height (m) 

Stack 
Diameter 

(m) 
Gas Exit 

Temp. (°C) 
Gas Exit 
Vel. (m/s) NOX SO2 CO VOC PM10 PM10 C PM25 

Arnot   -25.95, 29.80 193 11 418.2 34.4 43 455.9 98 015.0 3 903.0 5 010.6 1 348.0 1 348.0  0.0 

Camden  
 -26.62, 30.08 154 8.7 423.2 13.9 28 625.0 66 184.0  483.2 1 617.4 1 021.4 1 018.5  2.9 
 -26.62, 30.09 154 8.7 423.2 13.9 17 351.5 48 703.0  362.4 1 213.1  245.0  244.3  0.7 

Duvha  -25.96, 29.34 300 7.2 423.2 28.6 67 335.0 139 031.0 1 636.3 3 819.3 4 849.3 4 797.2  51.9 
Grootvlei  -26.76, 28.49 152 9 418.2 14.1 15 567.3 31 114.4  575.0 1 523.6  424.4  423.9  0.5 
Hendrina  -26.03, 29.60 156 11.1 401.2 20.7 39 034.3 103 500.9 1 217.3 4 829.0 1 024.9 1 019.5  5.5 

Kendal 
 -26.08, 28.96 275 7.8 413.2 27.6 44 041.0 120 722.0 1 936.1 3 673.8 3 092.6 3 086.5  6.1 
 -26.09, 28.97 210 7.8 413.2 27.6 41 729.0 127 986.0 1 936.1 3 673.8 3 878.9 3 871.7  7.2 

Komati 
 -26.08, 29.47 220 8 423.2 23.8 19 403.5 11 180.4  192.5 1 124.9  350.9  349.0  1.9 
 -26.10, 29.49 220 8 418.2 23.8 10 987.2 18 951.8  192.5  899.9  442.0  439.6  2.4 

Kriel  -26.28, 29.15 213 14.3 403.2 18.7 82 937.0 117 779.0 1 699.8 4 371.6 5 847.6 5 816.5  31.1 
Kusile The Kusile coal-fired power plant was under construction in 2016. 
Lethabo  -26.74, 27.97 275 7.7 418.2 24.7 80 001.6 186 902.0 3 517.2 8 419.6 6 830.6 6 815.0  15.6 
Majuba  -27.09, 29.77 250 8 398.2 35.3 135 595.0 222 921.0 3 353.4 6 305.2 2 173.2 2 171.0  2.3 
Matimba  -23.66, 27.61 250 7.2 408.2 22.3 58 710.0 309 649.6 1 531.4 7 142.8 1 743.6 1 743.6  0.0 

Matla -26.28, 29.14 
213 13.8 441.2 14.4  0.0  0.0  0.0  0.0  0.0  0.0  0.0 
275 6.8 441.2 19.9  0.0  0.0  0.0  0.0  0.0  0.0  0.0 

Medupi  -23.70, 27.56 220 8.9 413.2 17.9 10 406.0 54 129.7  0.0  205.1  473.9  0.0 473.9 

Tutuka 
 -26.77, 29.34 275 6.5 408.2 34.6 39 410.0 106 731.0 1 154.0 2 505.3 9 176.5 9 069.0 107.5 
 -26.77, 29.35 275 6.5 408.2 34.6 29 990.0 89 396.0 1 154.0 2 505.3 5 992.8 5 922.6  70.2 
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3.1.2 Model output 

All CAMx parameters related to fine PM were included in the output, including the species26: 

FCRS, FPRM, PSO4, PNO3, PNH4, PH2O, NA, PCL, PEC, POA, SOA1 to 7 and SOAH. The 

simulated results were combined in the following way, 

• Total PM2.5: combined FCRS, FRPM, PSO4, PNO3, PNH4, NA, PCL, PEC, POA, SOA1 to 

7 and SOAH; 

• Primary PM2.5: combined FCRS, FRPM, NA, PCL, POA and PEC; and 

• Secondary PM2.5: combined PSO4, PNO3, PNH4, SOA 1 to 7 and SOAH.  

Although, secondary particulates are formed downwind from the source of precursors gases, coal-

fired power plant flue gas also contains sulphates, nitrates, ammonium and organic carbon (Table 

2, Chow et al., 2004; Watson et al., 2001), while SO3 may be converted to sulphuric acid (H2SO4) 

before (in-stack) or when emitted directly to the atmosphere (Corio & Sherwell, 2000; Malfroy et 

al., 2005). Within the model setup, the CAMx output species PSO4 and PNO3 include both 

particulates formed in the stack from precursor gases (derived as part of particulate emissions) 

and the particulates formed downwind of the stack (due to ambient chemistry). For this study, 

secondary particulates include the secondary particulates formed within the stack due to how the 

model treats these emissions.  

The CAMx model set up was defined to output data into 24-hour files per day, totalling a number 

of 366 files per scenario for 2016 (leap year). The CAMx model outputs for a single year were 

converted to 366 hourly NetCDF files containing the near-surface concentrations of all the species 

for both the baseline- and the concept scenario. The combined hourly files for the baseline- and 

concept scenario were then combined into one file for each of the scenarios. These combined 

files, containing the various species for each scenario were then averaged for the year 2016. To 

estimate the annual average concentrations attributable to the large coal-fired power plants, the 

annual average for the concept scenario was subtracted from the annual average of the baseline 

scenario.  

3.1.3 Model performance evaluation 

Air quality models use mathematical formulas to simulate the dispersion of air pollution in the 

atmosphere. These models all have limitations and uncertainties and cannot replicate real life. 

The objective of the model performance evaluation is to assess how well the air quality model 

simulation of PM2.5 matches the ground-level observations at specific locations within the Highveld 

nest domain. Unfortunately, vertical profile measurements along plume paths were not available 

 
26 Abbreviations are given capitalised as reported in CAMx output CCRS - Coarse crustal, CPRM - Coarse primary, 
FCRS - Fine crustal, FPRM - Fine primary, NA – Sodium, PCL - Particulate Chloride, PEC - Primary Elemental Carbon, 
PH2O - Aerosol Water Content, PNH4 - Particulate Ammonium, PNO3 - Particulate Nitrate, POA - Primary Organic 
Aerosol, PSO4 - Particulate Sulphate, SOA - Secondary Organic Aerosols. 
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for the study region and period. The evaluation therefore did not assess the model performance 

in simulating the transport and transformation of tall stack emissions in the complex Highveld 

atmosphere. 

Ambient air quality data monitored within the Highveld domain in 2016 was requested from the 

data owners: the DFFE, Eskom and Sasol. The DFFE allowed the use of its observed ambient 

air quality data, which was made available by the data custodian, i.e. the South African Weather 

Service. The evaluation was based on PM2.5 data from the monitoring stations in Diepkloof, Three 

Rivers, Ermelo, Secunda, Hendrina, Middelburg and Witbank (Emalahleni) (Locations shown in 

Figure 17 in section 3.1.1 and data availability in Table 8 in section 4.1). These are regulatory 

sites that use instruments that adhere to the EN 14907 reference method specified in the NAAQS 

for PM2.5. The hourly PM2.5 near-surface concentrations for the baseline scenario were extracted 

from corresponding locations within simulated grids (resolution ~ 2 km x 2 km). 

Exploratory data analysis 

An exploratory data analysis of the observed and modelled data was first conducted to better 

understand the patterns and identify any outliers or obvious errors.  

Data quality  

The observed data were evaluated for false positive and negative recordings, and where 

appropriate, this data was removed. It is good practice not to remove negative or positive 

monitoring data spikes before evaluating if they are real or false (Ministry for the Environment, 

2009).  

Time series  

Times series graphs were evaluated by comparing the variability and values of the observed and 

modelled data sets. 

Data outliers and and values below 1 µg/m3 

The observed and modelled data were analysed for intermittently occurring high concentrations 

and extremely low concentrations. Eq. (1) and Eq. (2) were used to estimate the number of high 

outliers in the datasets. Extremely low concentrations and zero values were defined as those 

below 1 µg/m3, which is the limit of detection of the standard gravimetric measurement method 

(EN 14907) of PM2.5. 

𝐼𝐼𝐼𝐼𝐼𝐼 =  𝑄𝑄3 −𝑄𝑄1 (1) 
𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑄𝑄3 + (1.5 × 𝐼𝐼𝐼𝐼𝐼𝐼)  (2) 
𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒: 
𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  
𝑄𝑄 = 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 
 
Number of outliers = Values > Upper fence of IQR 
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Statistical performance evaluation 

Following the exploratory data analysis, several statistical criteria were applied to evaluate the 

model performance. In its comparison, the observed and modelled data sets were paired in time 

(i.e., date match) and space (i.e., same coordinates). No single metric for model evaluation is 

completely applicable to all conditions and each metric has advantages and disadvantages 

(Chang & Hanna, 2004). The linear measures such as Fractional Bias (FB) and Normalised Mean 

Square Error (NMSE) can become overly affected by intermittently occurring high concentrations 

in both the observed and modelled dataset. Logarithmic measures such as Geometric Mean Bias 

(MG) and Geometric Variance (VG) can provide a more reasonable treatment of extreme highs 

and lows. MG and VG can become overly affected by extremely low concentrations (nearing limit 

of detection) and are undefined for zero values (Chang & Hanna, 2004). 

Therefore, several metrics were used to evaluate the model performance. These included 

Absolute Fractional Bias (|FB|), MG, VG, NMSE and FAC2. FAC2 is the Fractions of Predictions 

within a Factor of Two of the observations. It is the most robust of these measures as it is not 

overly affected by either low or high outliers (Chang & Hanna, 2004; Chang & Hanna, 2005). No 

minimal thresholds were applied in the calculation of MG and VG. However, the exploratory 

analysis found the number of measurements below 1 µg/m3, were less than 5% at each of the 

seven sites. The observed data set for Three Rivers had the most measurements below 1 µg/m3 

(3%). Where there existed ambiguity in the statistical results, the more robust FAC2 criteria was 

used to make the final determination. 

|𝐹𝐹𝐹𝐹| =  
�

__
𝐶𝐶𝑜𝑜 −

__
𝐶𝐶𝑝𝑝�

0.5 �
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𝐶𝐶𝑜𝑜 +

__
𝐶𝐶𝑝𝑝�

 (3) 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  

____________
�𝐶𝐶𝑜𝑜 − 𝐶𝐶𝑝𝑝�

2

__
𝐶𝐶𝑜𝑜

__
𝐶𝐶𝑝𝑝

 (4) 

𝑀𝑀𝑀𝑀 = exp �
__

ln𝐶𝐶𝑜𝑜 −
__

ln𝐶𝐶𝑝𝑝� (5) 𝑉𝑉𝑉𝑉 = 𝑒𝑒𝑒𝑒𝑒𝑒
__________________
��ln𝐶𝐶𝑜𝑜 − ln𝐶𝐶𝑝𝑝�

2� (6) 
𝐹𝐹𝐹𝐹𝐹𝐹2 = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

0.5 ≤
𝐶𝐶𝑜𝑜
𝐶𝐶𝑝𝑝

≤ 2.0 (7) 
  

𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒: 
𝐶𝐶𝑝𝑝 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
𝐶𝐶𝑜𝑜 = 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜�

__
𝐶𝐶� = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

 

The following criteria were used as guidelines to evaluate if the model performed acceptably: 

• A fraction of predictions within a factor of two of observations is approximately 50% (i.e., 0.5< 
FAC2<2); 

• The mean bias is within approximately 30% of the mean (i.e., roughly |FB|<0.3 or 
0.7<MG<1.3); and 

• The random scatter is approximately a factor of two to three of the mean (i.e., roughly 
NMSE<1.5 or VG<4). 
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These model acceptance criteria were taken from the Technical Descriptions and User’s Guide 

for the BOOT Statistical Model Evaluation Software Package, Version 2.0 (Chang & Hanna, 

2005). It should be noted that these model acceptance criteria are not firm specifications. It is 

expected that the model performance will be affected by a decrease in the quality of input data. 

3.2 Determining PM2.5 attributable to coal-fired power 

As previously mentioned, the change in PM2.5 concentrations was estimated by calculating the 

difference between the simulated baseline scenario (“Coal-fired power on”) and a concept 

scenario where all large coal-fired power plants in the domain were excluded (“Coal-fired power 

off”). By subtracting the concentrations simulated in the concept scenario from those simulated in 

the baseline, the full impact of the large coal-fired power plants on the concentrations and 

distribution of PM2.5 over the Highveld could be isolated. A positive number would indicate that 

PM2.5 concentrations were higher in the baseline scenario than in the concept scenario. In terms 

of source attribution, this is deemed a brute force or zero-out approach (Thunis et al., 2019). It is 

considered appropriate for use here, where there is a lone source sector, secondary pollutants, 

conceptual scenario (i.e., no realistic investigation of mitigation) and adequate computational 

resources for multiple full-year simulations.  

3.3 Determining the impact of PM2.5 attributable to coal-fired power  

3.3.1 Avoidable premature mortality 

The formula for estimating the health impact attributed to PM2.5 is referred to as a health impact 

function (Sacks et al., 2018). The health impact function used in this study is defined as Eq. (8): 

∆𝑌𝑌 =  𝑌𝑌0 �1 −  𝑒𝑒−𝛽𝛽∆𝑃𝑃𝑃𝑃� × 𝑃𝑃𝑃𝑃𝑃𝑃 (8) 
𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒: 
∆𝑌𝑌     = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
𝑌𝑌0       = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 
𝛽𝛽       = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  
∆𝑃𝑃𝑃𝑃 = 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑃𝑃𝑃𝑃2.5 (µ𝑔𝑔/𝑚𝑚3) 
𝑃𝑃𝑃𝑃𝑃𝑃  = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

The WHO recommended concentration-response functions for cost-benefit analysis for its 

(HRAPIE) project (WHO, 2013). The relative risk for “All-Cause” for a 10 µg/m3 change in annual 

PM2.5 recommended by the WHO and used in this study is based on a meta-analysis of thirteen 

cohort studies (Hoek et al., 2013). The β coefficient is determined by the natural logarithm of the 

relative risk (RR) divided by the exposure change (Table 6).  

Table 6: Hazard ratio for all-cause mortality for a 10 µg/m3 change in PM2.5 (WHO, 2013; Hoek et al., 2013). 

Relative Risk (RR) Min RR Max RR Exposure ∆ Beta27 Standard Error 
1.062 1.040 1.083 10 µg/m3 0.0060 0.0010 

 
27 Β = LN(RR)/ ∆Exposure = LN (1.062)/10 = 0.0060 
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The all-cause mortality numbers were obtained from the Statistics South Africa 2018 statistical 

release “Mortality and causes of death in South Africa, 2016: Findings from death notification” for 

the areas within the modelling domain. The thirteen cohort studies analysed by Hoek et al. (2013) 

were based on adults. The baseline incidence (𝑌𝑌0) was determined by dividing the “All-cause” 

mortality (≥25 years) within each municipal area by the population (≥25 years) within each 

municipal area. The health impact however was on the total population exposed. The mortalities 

between ages 15 and 24 were estimated using the age specific mortality rates for 2016 taken 

from Appendix F in Stats SA (2018a). The mortality rates for ages 15 and 24 amounted to 4 

mortalities per 1000 population. The mortalities estimated between ages 15 and 24 were then 

deducted from the mortality numbers provided for ages 15 to 44 in Appendix I in Stats SA (2018a). 

The all-cause mortalities estimated for 25 to 44 were then added to the mortalities for 45 to 64 

and 65+ for each municipal area taken from Stats SA (2018a). Population numbers were obtained 

from the Statistics South Africa provincial profiles for Gauteng, North-West, Limpopo, 

Mpumalanga, Free State and Kwazulu-Natal. The percentage of the population aged 0 to 24 for 

each municipal area was estimated based on age distribution numbers for each province. The 

population aged 25 and older was determined by subtracting the estimated population aged 0 to 

24 from the total population. The municipal boundaries for 2016 were obtained from Statistics 

South Africa (Table 7).  

Table 7: Population and all-cause mortality for 2016 (Stats SA. 2018a to g). 

Province Municipality GEO 
ID Total Pop. Pop. (≥25) Area  

(km2) 

Mortality 
≥25, excl. 
unspecifie
d 

Gauteng 

City of Tshwane MM 28 TSH 3 275 152 1950163 6 298 19 987 
City of Johannesburg 
MM JOH 4 949 347 2947050 1 645 26 808 
Ekurhuleni MM EKU 3 379 104 2012061 1 975 23 373 
West Rand DM 29 WES 838 594 499334 4 087 9 016 
Sedibeng DM SED 957 528 570152 4 173 9 739 

Limpopo 
Waterberg DM WAT 745 758 567730 44 913 4 437 
Greater Sekhukhune 
DM GRE 1 169 762 890515 13 528 8 864 

North West Bojanala DM BOJ 1 657 148 1432985 18 333 11 652 

Mpumalanga 
Ehlanzeni DM EHL 1 754 931 1465408 27 896 12 612 
Gert Sibande DM GER 1 135 409 948093 31 841 8 030 
Nkangala DM NKA 1 445 624 1207130 16 758 9 543 

Kwa-Zulu 
Natal 

Zululand DM ZUL 892 310 492753 14 799 5 433 
Amajuba DM AMA 531 327 293411 7 102 4 316 

Free State 
Thabo Mofutsanyane  THA 779 330 701192 32 734 7 997 
Fezile Dabi DM FEZ 494 777 445169 20 668 4 520 

 
28 MM: Metropolitan Municipality 
29 DM: District Municipality 
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3.3.2 Valuation of reductions in premature mortality risks 

The benefit of reducing exposure to ambient PM2.5 from coal-fired power plants was estimated 

using a welfare-based method that monetises the increased risk of mortality from air pollution 

corresponding to individuals’ willingness to pay (WTP) (Markandya, 2019; OECD, 2012; World 

Bank, 2016). The WTP captures the compromise individuals are willing to make to lessen their 

mortality risk. The value of statistical life (VSL) constitutes the sum of many individuals’ WTP for 

slight changes to this risk (OECD, 2012; World Bank, 2016), it is a local trade-off rate between 

mortality risk and capital (Kniesner & Viscusi, 2019). It is crucial to remember that a VSL does not 

constitute the value of any single human life or death or represent social judgement on what that 

value should be. The WTP has become a standard method in high-income countries to value the 

risk of air pollution mortality. However, WTP studies are still lacking in many other countries, 

including South Africa (World Bank, 2016). Eq.(9) provides a practical method to adjust a “base 

VSL” from the original situation in which it was developed to the context of another country. This 

adjustment considers the most salient characteristic to influence individuals under different 

circumstances, the income elastic (i.e., the percentage change in the WTP per percentage 

change in income) (World Bank, 2016). The value of the health impact was calculated by 

multiplying the estimated avoided premature mortality with the Value of Statistical Life (VSL) (Eq. 

(10)). The base VSL of $3.83 million30 represents a mean VSL estimation for high-income 

member countries of the Organisations for Economic Co-operations and Development (OECD) 

(World Bank, 2016). These countries have an average gross domestic product (GDP) per capita 

of approximately $37 000 (World Bank, 2016). The OECD VSL is expressed in US2011$ at 

purchasing power parity (PPP). The SA GDP per capita, PPP (constant 2017 international $) for 

2016 ($12 702.92) was taken from the World Development Indicators database last updated on 

30 June 2021 (World Bank, n.d). An income elasticity value of 1.2 for low- to middle-income 

countries was assumed, with an elasticity range of 1 to 1.4 for sensitivity evaluation (World Bank, 

2016). In this study, the VSLSA,2016 of $1.06 million was estimated based on an income elasticity 

of 1.2. This is similar to the VSLSA,2017 of $1.046 million calculated by Viscusi et al. (2017) using a 

base U.S. VSL of $9.631 million and an income elasticity of 1.  

𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐,𝑛𝑛 =  𝑉𝑉𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂  × �
𝑌𝑌𝑐𝑐,𝑛𝑛

𝑌𝑌𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
�
𝜀𝜀

 (9) 
 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  ∆𝑌𝑌 ×  𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐,𝑛𝑛 
 

(10) 

𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒: 
∆𝑌𝑌           =  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐,𝑛𝑛     = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐 𝑖𝑖𝑖𝑖 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑛𝑛 
𝑉𝑉𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑓𝑓𝑓𝑓𝑓𝑓 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  
𝑌𝑌𝑐𝑐,𝑛𝑛           = 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝐺𝐺𝐺𝐺𝐺𝐺 𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐 𝑖𝑖𝑖𝑖 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑛𝑛  
𝑌𝑌𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂       = 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐺𝐺𝐺𝐺𝐺𝐺 𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
𝜀𝜀              = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

  

 
30 In terms of constant 2011 U.S. dollars at purchasing power parity (PPP) adjusted rates. 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

Chapter 4 presents the results of the model performance evaluation and the relationship between 

the ambient PM2.5, particularly secondary PM2.5, attributable to coal-fired power plants and its 

impact on human health in the Highveld.  

4.1 Model performance evaluation 

The model performance evaluation aimed to assess how well the air quality model simulation of 

PM2.5 matched ground-level observations at specific locations within the Highveld nest domain. 

The simulated hourly PM2.5 near-surface concentrations for the baseline scenario were extracted 

from the gridded model output (resolution ~ “2 km x 2 km”). The observed data were evaluated 

for false positive and negative recordings, and where appropriate, this data was removed. The 

observed and modelled data were then analysed by looking at graphical displays of time series 

at each site, as well as considering the number of outliers and low concentrations (<1 µg/m3) 

within each data set. Following the exploratory data analysis of the observed and modelled data, 

several statistical criteria were applied to evaluate the model performance. For the statistical 

performance evaluation, the observed and modelled data sets were paired in time (i.e., date 

match). The statistical performance evaluation calculations were formulated to ignore points 

where the observational data was missing.  

Exploratory data analysis 

Data quality 

Only the Diepkloof observed data (field measurements) contained negative values. Seventeen 

(17) negative data points were found, all within March 2016. The meta-data for these stations 

were not available and the reason for the negative values could not be determined. Looking at 

the values (average 18.81 µg/m3) immediately before and after the negative recordings, the 

negative values were found anomalous and removed. No strange (e.g. 9999) or repeating positive 

values were flagged. Table 8 gives the data availability for 2016 for each ambient monitoring 

station used in the study.  

Table 8: Data availability of DFFE ambient air quality monitoring stations used in the study. 

Site 
Coordinates 

(lat, lon; 
degrees) 

Site Description 
Data 

points 
before QC 

Data 
points 

after QC 
Data 

availability 
Diepkloof -26.25, 27.95 Urban 8 784 8 115 92% 
Three Rivers -26.65, 27.99 Urban 8 095 6 935 79% 
Ermelo -26.49, 29.96 Residential (Low income) 8 784 6 482 74% 
Secunda -26.55, 29.07 Residential (Low income) 8 103 5 288 60% 
Hendrina -26.15, 29.71 Residential(Medium/Upper) 8 784 8 309 95% 
Middelburg -25.79, 29.46 Residential(Medium/Upper) 7 364 7 152 81% 
Witbank 
(Emalahleni) 

-25.87, 29.18 Residential (Low income) 8 784 8 225 94% 
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Time series  

The times series in Annexure A were evaluated by comparing the variability and values of the 

hourly, monthly, monthly-diurnal and diurnal observed and modelled data sets. The graphs for 

Diepkloof show that the the observed and modelled data compared better during winter (May, 

June, and July), while the observed and modelled trends appear similar. However, the model 

underestimated PM2.5 from January to April 2016 and October to December 2016. The graphs for 

Ermelo show significant gaps in the observational data from June to August 2016. The observed 

and modelled trends appear similar. The data sets compare well during 00:00-04:00 and 09:00-

16:00. However, the model overestimated PM2.5 between 04:00 to 09:00 and 17:00 to 23:00. The 

graphs for Hendrina show the observed and modelled variations compare well throughout the 

year, while  the observed and modelled trends appear similar. The model overestimated the daily 

PM2.5 from 18:00 to 22:00 at Hendrina. The graphs for Middelburg show the observed and 

modelled variations compare well from January to May 2016. The model overestimated PM2.5 

from May 2016. The observational data for Middelburg has a large gap between November to 

December 2016. The observational data for Secunda only starts April 2016. There is also a large 

gap from October to November and the measurements stop at the start of December 2016. The 

observed and modelled trends appear similar, while the model underestimated PM2.5 at Secunda. 

Three Rivers has no observational data for November 2016. The observed and modelled appear 

similar. The model underestimated PM2.5 at Three Rivers. The graphs for Emalahleni show that 

the model underestimated PM2.5 at this site. In general, the observed and modelled hourly, 

monthly, and monthly-diurnal variations compare relatively well throughout the year, while similar 

trends were observed. 

Data outliers and values below 1 µg/m3 

As mentioned in section 3.1.3, the statistical criteria Fractional Bias (FB) and Normalised Mean 

Square Error (NMSE) can become overly affected by intermittently occurring high concentrations 

in either the observed or modelled dataset. The criteria Geometric Mean Bias (MG) and 

Geometric Variance (VG) may be overly affected by extremely low concentrations (nearing limit 

of detection) and are undefined for zero values (Chang & Hanna, 2004). The upper fence of the 

interquartile range (IQR), as described in Eq. (1) and Eq. (2) in section 3.1.3, was used to estimate 

the number of high outliers to evaluate the likelihood of FB and NMSE being affected by 

intermittently occurring high concentrations in the datasets. The limit of detection (1 µg/m3) of the 

standard gravimetric measurement method (EN 14907) of PM2.5 was used to define extremely 

low concentrations and zero values. The number of values below 1 µg/m3 were used to evaluate 

the likelihood of MG and VG being affected by extremely low and zero values. Table 9 gives the 

values of the first quartile, the third quartile (Q3), the IQR, the upper fence and the number of 

outliers and values below 1 µg/m3. Table 9 shows that combined, the datasets for Ermelo contain 
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the highest number of outliers (1598) and the highest number of values below 1 µg/m3 (269). 

Three Rivers has the second highest number of values below 1 µg/m3 (252).  

Table 9: The number of outliers exceeding the upper fence of the IQR and the number of values below than 
1 µg/m3, The limit of detection of method EN 14907). 

Observed data 
Site Q1 Q3 IQR Upper 

fence 
Number 
of outliers 

< 1 µg/m3 

Diepkloof 10.73 31.41 20.68 62.43 409.00 202.00 
Three Rivers 10.85 39.71 28.86 82.99 196.00 228.00 
Ermelo 5.16 18.91 13.75 39.53 509.00 217.00 
Secunda 14.20 51.51 37.32 107.49 567.00 4.00 
Hendrina 6.05 17.11 11.06 33.69 378.00 124.00 
Middelburg 4.26 13.62 9.36 27.67 412.00 132.00 
Witbank 
(Emalahleni) 8.10 26.08 17.98 53.04 730.00 14.00 

Modelled data 
Site Q1 Q3 IQR Upper 

fence 
Number 
of outliers 

< 1 µg/m3 

Diepkloof 6.39 13.83 7.45 25.00 707.00 14.00 
Three Rivers 6.43 14.18 7.75 25.81 666.00 24.00 
Ermelo 8.57 36.94 28.37 79.49 1089.00 52.00 
Secunda 9.40 31.40 21.99 64.39 830.00 13.00 
Hendrina 7.21 16.93 9.72 31.51 612.00 55.00 
Middelburg 6.49 14.80 8.32 27.28 611.00 41.00 
Witbank 
(Emalahleni) 7.31 17.06 9.75 31.68 726.00 14.00 

 

Statistical performance evaluation 

Several metrics were used to evaluate the model performance. These included absolute FB, MG, 

VG, NMSE and FAC2 (Fractions of Predictions within a Factor of Two of the observations). The 

equations for these metrics can be found in section 3.1.3. FAC2 is the most robust of these 

measures. Unlike FB, MG, VG and NMSE, FAC2 is not overly affected by either low or high 

outliers (Chang & Hanna, 2004; Chang & Hanna, 2005). The software used for the model 

performance evaluations was formulated to ignore blanks or missing data. Figure 18 presents the 

results of the model performance evaluation in terms of |FB|, NMSE, MG, VG & FAC2. Figure 18 

shows that at Diepkloof, the model performed well in terms of VG and relatively well in terms of 

NMSE. The model performed poorly at Ermelo in terms of VG, MG, |FB| and NMSE. However, 

the model’s performance came close to meeting the FAC2 criteria. The model performance at 

Ermelo could have been affected by the low availability (74%) of observed data or by the poor 

comparison in diurnal data (Annexure A). It is also possible that the model performance at Ermelo 

could have been affected by intermittently occurring high concentrations and extremely low 

concentrations (Table 9). The model performed best at Hendrina and Middelburg, meeting the 

VG, MG, |FB| and NMSE performance criteria. The model also performed well at Witbank 

(Emalahleni), meeting the criteria for VG and MG, and coming close to meeting the criteria for 

|FB| (<0.3) and NMSE (<1.5) with an |FB| of 0.43 and an NMSE of 1.76. At Secunda, the model 
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performed well in terms of VG. However, it performed poorer in terms of MG, |FB| and NMSE. 

The low availability (60%) of observed data at Secunda could have affected the outcome of the 

model performance evaluation. The evaluation at Three Rivers did not meet the criteria for VG, 

MG, |FB| and NMSE. The low availability (79%) of observed data for or the poor comparison in 

diurnal data (Annexure A) could have affected the results for Three Rivers. Another possible 

reason for the poorer performance in terms of VG and MG could be the relatively high number of 

values below 1 µg/m3 (Table 9). Three Rivers, however, at 0.4, came close to meeting the FAC2 

criteria (0.5<FAC2>2). 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

Figure 18: A graph illustrating the results of the metrics |FB|, NMSE, MG, VG & FAC2 used in the model 
performance evaluation. FAC2 was used as the determining criteria. Markers with acceptable performance 
were highlighted in green, and poorer model performance was highlighted in red.   
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Discussion 

All air quality models have limitations and uncertainties and cannot replicate real life. In addition, 

most of the ambient air quality monitoring sites selected for the model performance evaluation 

are located within low-income settlements with significant local sources (such as residential fuel 

burning). These local sources and wind-blow dust (not included in the emission inventory) could 

lead to local air quality that is significantly different from that simulated for a grid with a resolution 

of approximately 2 km x 2 km. This study focused on annual and regional air quality, as it is not 

as strongly influenced by such local sources. However, it is important to be aware of these sources 

as they can affect the comparison of observed and modelled data. Similar to the findings made 

by Hersey et al. (2015) for PM2.5 in the Vaal Triangle Airshed Priority Area (VTAPA) and 

Johannesburg (Buccleuch), and Govender & Sivakumar (2019) for PM2.5 in the VTAPA, the 

variation graphs show the highest concentrations early in the morning, early in the evening and 

during the winter months. Hersey et al. (2015) found that most of the sites in the VTAPA were 

influenced by domestic fuel burning. Govender & Sivakumar (2019) attributed the PM2.5 trends 

they found to windblown dust, domestic fuel burning, and the dissolving of the boundary layer 

around midmorning. 

A comparison of the times series of the observed and modelled data found that the model 

overestimated PM2.5 concentrations at Ermelo and Middelburg and underestimated PM2.5 at the 

rest of the sites. The hourly variations in modelled and observed data are only comparable for 

parts of the year for Diepkloof, Ermelo, Middleburg and Secunda. The hourly variations in 

modelled and observed data for Hendrina and Emalahleni compare relatively well throughout the 

year. The observed and modelled monthly, monthly-diurnal, and diurnal trends appear similar for 

Diepkloof, Hendrina, Secunda, and Emalahleni. At Ermelo and Three Rivers, the monthly and 

monthly-diurnal trends of the observed and modelled data appear similar. However, the diurnal 

trends do not correspond well.  

The model acceptance criteria applied in the statistical evaluation are not firm specifications and 

are generally used to compare maximum concentrations on sampling sites unpaired in space. 

The comparisons of observed and modelled data sets in this study were robust in that they were 

paired in time (i.e., date match) and space (i.e., same coordinates). The statistical model 

performance evaluation found that the model performance at each site, except for Ermelo and 

Three Rivers, met at least one of the performance criteria. FAC2 was used as the determining 

criteria because it is the most robust and not overly affected by either low or high outliers. The 

model performance met the criteria for FAC2 at all sites except Ermelo and Three Rivers. 

However, the model performance at Ermelo (FAC2 of 2.52) and Three Rivers (FAC2 of 0.4) come 

close to meeting the FAC2 criteria (0.5<FAC2>2). It was therefore concluded that the model 

performed adequately for this study. 
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4.2 The effect of coal-fired power plant emissions on secondary particulate 
chemistry in the atmosphere over the Highveld. 

As previously mentioned, two simulations were run with the Eulerian chemical transport model, 

CAMx, i.e. a baseline scenario with all the significant sources within the Highveld, and a concept 

scenario where the emissions from large (≥1 000 MW) coal-fired power plants in the Highveld 

Priority Area (HPA) and VTAPA were excluded. The residual annual average concentrations 

attributable to the large coal-fired power plants were determined by subtracting the annual 

averages for the concept scenario from the annual averages for the baseline scenario. A positive 

number indicates the concentrations were higher in the baseline scenario (i.e., that included large 

coal-fired power plant emissions) than in the concept scenario. 

Precursor gases 

The results of the simulated annual average near-surface concentrations of the precursor gases 

(SO2, NO, NO2 and NH3) are presented in Table 10 and Figure 19. The results are shown for the 

baseline scenario, the concept scenario and those attributed to the large coal-fired power plants. 

Table 10 gives the spatial 99th percentile and Figure 19 presents the distribution of the annual 

average near-surface concentrations of the precursor gases. For ease of reference the plants are 

numbered alphabetically in the first map in Figure 19.  

Map (a) and map (b) in Figure 19 shows that the simulated annual average of SO2 ranges from 0 

to ~65.7 ppb for the baseline scenario and 0 to ~42.6 ppb for the concept scenario. Table 10 

shows a significant decrease in the spatial 99th percentile of SO2 (droping from 17.11 ppb to 4.39 

ppb) when the large coal-fired power plants are excluded. Map (c) shows the annual average SO2 

attributed to the large coal-fired power plants ranges from ~0 to 64.4 ppb. The annual SO2 NAAQS 

limit (19 ppb) is exceeded in all three instances (starting from moss green colour). In the baseline 

scenario, the annual SO2 NAAQS is exceeded at Sasolburg, Secunda and all the Eskom coal-

fired power plants. In the concept scenario, the annual SO2 NAAQS is exceeded at Sasolburg 

and Secunda. The Sasol facility in Secunda has a boiler plant, with similar boiler technology to 

that of Eskom, which supplies steam to the Sasol facility (Grobler, 2016). The ambient SO2 

attributed to the large coal-fired power plants exceed the annual SO2 NAAQS at or in proximity to 

all coal-fired power stations except Grootvlei. Figure 20 gives the percentage contributions of 

each plant to the total SO2 emitted by all the large coal-fired power plants. Grootvlei and Komati 

each contributed approximately 2% to the total SO2 emitted by the large coal-fired power plants 

(Figure 20). The annual SO2 NAAQS was exceeded over an area of approximately 6 km2 in 

proximity to Komati. However, no exceedances were modelled at or in proximity to the Grootvlei 

power plant. The simulation is interesting, because although its contribution to SO2 emissions is 

low compared to the other plants, the Grootvlei power plant does not comply with the new plant 
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MES for SO2 (Table 3). The cumulative simulated impact of the coal-fired power plants greatly 

increases the extent to which the NAAQS for SO2 is exceeded. For instance, in the concept 

scenario, ambient SO2 exceeded the annual NAAQS over an area of approximately 39.9 km2 over 

the Sasol Secunda Synfuel operations. When the large coal-fired power plants are included, this 

area of exceedance increases by approximately 36.5% to 62.9 km2.  

Map (d) and map (e) in Figure 19 shows that the simulated annual average NO2 ranges from 0 to 

~35.0 ppb for the baseline scenario and 0 to ~33.5 ppb for the concept scenario. The spatial 99th 

percentile of NO2 drops significantly from 10.93 ppb to 7.35 ppb when the large coal-fired power 

plants are “turned of” (Table 10). Map (f) shows annual average NO2 attributed to the coal-fired 

power plants ranges from ~0 to 20.8 ppb. The annual NO2 NAAQS (21 ppb; starting from forest 

green colour) is exceeded in the baseline and concept scenario. In both scenarios, the annual 

NO2 NAAQS is exceeded over parts of Sasolburg, Johannesburg, and the Secunda Synfuel 

operations. The results correspond to the NO2 hotspots identified by Lourens et al. (2012) and 

the HPA AQMP (SA DEA, 2012a). The ambient NO2 exceeds its annual NAAQS near the Majuba 

coal-fired power plant in the baseline scenario. 

NO and NH3 do not have NAAQS, however, they are also important precursor gases to PM2.5. 

Map (g) and map (h) in Figure 19 shows that the simulated annual average NO ranges from 0 to 

~56.5 ppb for the baseline scenario and 0 to ~52.1 ppb for the concept scenario. When the large 

coal-fired power plants are “turned of” the spatial 99th percentile of NO drops significantly from 

9.14 ppb to 4.12 ppb (Table 10). Map (i) shows the annual average NO attributed to the large 

coal-fired power plants ranges from ~0 to 56 ppb. Map (j) and map (k) in Figure 19 shows that 

the simulated annual average NH3 is slightly higher in the concept scenario (Ranging from 0 ppb 

to 3.54 ppb) than in the baseline scenario (Ranging from 0 ppb to 3.07 ppb). The spatial 99th 

percentile of NH3 increasing from 2.25 ppb in the baseline scenario to 2.75 ppb in the concept 

scenario (Table 10). 

Table 10: The spatial 99th percentile of the annual averages of precursor gases (ppb) within the Highveld 
study area. 

Scenario SO2 NO2 NO NH3 
Baseline (Coal-fired Power On) 17.11 10.93 9.14 2.25 
Concept (Coal-fired Power Off) 4.39 7.35 4.12 2.75 
Difference (Attributable to coal-fired 
power plants) 14.89 7.69 6.51 0.00 
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Figure 19: The simulated annual average near-surface concentrations (ppb) of SO2, NO, NO2 and NH3 of 
the baseline scenario (“Coal-fired power on”), the concept scenario (“Coal-fired power off”) and the residual 
concentrations attributed to the large coal-fired power plants. A positive number indicates gas 
concentrations were higher in baseline scenario than the concept scenario. The acronyms on the map refer 
to the different municipal areas (Table 7). 
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Figure 20: The percentage contribution of each plant to the total NOx and SO2 emitted by the all the large 
(≥1 000 MW) coal-fired power plants (Adapted from the values in Table 5). 

Secondary fine particulates 

Table 11 gives the spatial 99th percentile of the annual average near-surface concentrations of 

the secondary fine particulate species (Particulate Sulphate (PSO4), Particulate Nitrate (PNO3) 

and Particulate Ammonium (PNH4)). Figure 21 presents the distribution of the annual average 

near-surface concentrations of these species. Table 11 and Figure 21 show the results for the 

different senarios and those attributed to the large coal-fired power plants. 

Map (a) and map (b) in Figure 21 shows that the simulated annual average PSO4 ranges from 

~2.4 to 30.6 µg/m3 for the baseline scenario and ~1 to ~29.3 µg/m3 for the concept scenario. The 

spatial 99th percentile of 4.56 µg/m3 to 2.71 µg/m3 when the large coal-fired power plants are 

excluded (Table 11). Map (c) shows the annual average PSO4 attributed to the coal-fired power 

plants ranges from ~0 to 2.5 µg/m3. The highest PSO4 concentrations, attributable to the large 

coal-fired power plants, (dark grey colour in row one, right column) are seen near the Camden 

and Majuba coal-fired power plants31 in the Gert Sibande (GER) district municipality. Figure 20 

gives the percentage contributions of each plant to the total SO2 emitted by all the large coal-fired 

power plants. High PSO4 concentrations around Majuba is expected because it was the second 

highest coal-fired power emitter of SO2 within this domain. Kendal was the highest emitter of SO2 

 
31 For the locations of Camden and Majuba, reference can be made to the numbering in the first map in Figure 19 (first 
row, left column). Camden is numbered as 2 and Majuba is numbered as 11. 
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within this domain, emitting ~13.4% of the total SO2 emitted by the large coal-fired power plants. 

Interestingly, no high PSO4 concentration are visible around Kendal but are near Camden. 

However, Camden emitted far less SO2 than Kendal (~6% of total SO2 emitted by large coal-fired 

power plants). 

Map (d) and map (e) in Figure 21 shows that the simulated annual average PNO3 ranges from 

~0.05 to 1.2 µg/m3 for the baseline scenario and ~0.05 to ~0.7 µg/m3 for the concept scenario. 

Table 11 shows a significant decrease in the spatial 99th percentile of PNO3 (1.11 µg/m3 to 0.67 

µg/m3) when there are no emissions from the large coal-fired power plants. Map (f) shows the 

annual average PNO3 attributed to the large coal-fired power plants ranges from <0 to 0.5 µg/m3. 

The highest PNO3 concentrations were simulated over the Standerton area in the GER. The 

average annual PNO3 simulated for the concept scenario were slightly higher in some areas 

along the northern boundary of the study area than those simulated for the baseline scenario, 

seen in the negative values in map (f) in Figure 21. 

Map (g) and map (h) in Figure 21 shows that the simulated annual average PNH4 ranges from 

~0.6 to 1.46 µg/m3 for the baseline scenario and ~0.6 to ~1.1 µg/m3 for the concept scenario. 

When the large coal-fired power plants are excluded, the spatial 99th percentile of PNH4 drops 

significantly from 1.39 µg/m3 to 0.93 µg/m3 (Table 11). Map (i) shows the annual average PNH4 

attributed to the large coal-fired power plants ranges from 0 to 0.5 µg/m3. The highest PNO3 

concentrations were mostly in the GER. 

Map (j) and map (k) in Figure 21 shows that the average SOA simulated for the concept scenario 

(~0.15 to 0.780 µg/m3) is higher than the average SOA simulated for the baseline scenario (~0.15 

to 0.783 µg/m3, though the concentrations are low. No change in seen in the spatial 99th percentile 

of Secondary Organic Aerosols (SOA) between the baseline scenario and the concept scenario 

(Table 11). Map (l) in Figure 21 shows that the simulated annual average SOA attributable to the 

large coal-fired power plants ranges from ~ -0.002 to 0.012 µg/m3. The average SOA simulated 

for the concept scenario was slightly higher over most of the study area than those simulated for 

the baseline scenario, though the differences were small (~0-0.002 µg/m3) and can most likely be 

considered negligible.  

Table 11: The spatial 99th percentile of the annual averages of secondary particulates (µg/m3) within the 
Highveld study area. 

Scenario PSO4 PNO3 PNH4 SOA 
Baseline (Coal-fired Power On) 4.65 1.11 1.39 0.65 
Concept (Coal-fired Power Off) 2.71 0.67 0.93 0.65 
Difference (Attributable to coal-fired 
power plants) 2.27 0.45 0.46 0.01 
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Figure 21: The simulated annual average near-surface level concentrations (µg/m3) of PSO4, PNO3, PNH4 
and SOA for the baseline scenario (“Coal-fired power on”), the concept scenario (“Coal-fired power off”) 
and the residual concentrations attributed to the large coal-fired power plants. A positive number indicates 
gas concentrations were higher in baseline scenario than the concept scenario. The acronyms on the map 
refer to the different municipal areas (Table 7). 
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Primary fine particulates 

Figure 22 gives a spatial representation of the annual average near-surface concentrations of the 

primary PM2.5 species (Fine crustal (FCRS), Fine primary (FPRM), Primary Organic Aerosol 

(POA), Primary Elemental Carbon (PEC), Particulate Chloride (PCL) and Sodium (NA)) simulated 

for the baseline and concept scenario and those attributed to the large coal-fired power plants. It 

is evident that the difference between primary PM2.5 in baseline and concept scenarios is 

insignificant across all simulated components. For both the baseline scenario and concept 

scenario, the greatest range in fine particulates is simulated for FPRM (0 to ~176 µg/m3), followed 

by POA (0 to ~25 µg/m3), PEC (0 to ~9 µg/m3), FCRS (0 to ~2 µg/m3) and NA (0 to ~0.06 µg/m3).  

 

 
 

Figure 22: The simulated annual average near-surface concentrations (µg/m3) of the components of 
primary PM2.5 (FCRS, FPRM, POA, PEC, PCL and NA) for the baseline scenario (“Coal-fired power on”), 
the concept scenario (“Coal-fired power off”) and the residual concentrations attributed to the large coal-
fired power plants. A positive number indicates gas concentrations were higher in baseline scenario than 
the concept scenario. The acronyms on the map refer to the different municipal areas (Table 7). 

 

Discussion 

A significant decrease is seen in the annual average near-surface concentrations of SO2, NO and 

NO2 when the large coal-fired power plants are excluded from the baseline scenario. This shows 

that the large coal-fired power plants are the most significant contributors to the simulated ambient 

annual average SO2, NO and NO2, precursor gases of PM2.5. This corresponds with the findings 

made by Scorgie & Thomas (2006) and those in the HPA AQMP (SA DEA, 2012a), that coal-fired 

power, is considered the highest contributor of PM2.5 precursor gases (SO2 and NOx) on the 

Highveld.  

Without any of the other sources, the SO2 attributed to the large coal-fired power plants exceeded 

the annual SO2 NAAQS. The cumulative impact of the coal-fired power plants greatly increased 

the extent to which the NAAQS for SO2 and NO2 were exceeded. For the annual average of SO2, 
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the increase in the extent of the area of exceedance of the NAAQS was as much as 36.5% over 

the Sasol Secunda Synfuel operations.  

An increase was seen in the NH3 concentrations between the baseline scenario and the concept 

scenario. This means the model results found more simulated NH3 when the coal-fired power 

plants were turned off than when they were operating. NH3 is not emitted by the coal-fired power 

plants in the model, as no estimates were provided through the NAEIS. The primary source of 

NH3 was agriculture. One reason for the decrease in NH3 when coal-fired power plants operate 

is the reaction between NH3 from sources such as agriculture and the precursor gases from the 

coal-fired power plants to form secondary particulates. Thus, the baseline scenario had this 

additional removal process for NH3. This is further supported by the result that there was less 

PNH4 in the concept scenario than in the baseline scenario. 

It is not surprising that the model results found the large coal-fired power plants to be significant 

contributors to PSO4 and PNO3, considering coal fired power plants are significant sources of 

sulphates and nitrates (Zhao et al., 2021; Chow et al., 2004; Watson et al., 2001) and that local 

studies have identified them as likely sources of secondary aerosols in the Highveld area (Altieri 

et al., 2022; Muyemeki et al., 2021; Walton et al., 2021). 

The negative PNO3 concentrations along the northern boundary of the study area suggest that 

the simulated PNO3 is slightly higher when the large coal-fired power plants are not operational. 

(i.e., more simulated PNO3 is formed when the large coal-fired power plants are “switched off”). 

However, these differences are very small (<0.05 µg/m3) and may be considered negligible. 

Determining if this slight change is robust would require more simulations and using the CAMx 

source tracking feature. 

The results show SOA and POA contributed little to the total ambient annual PM2.5 attributable to 

the large coal-fired power plants. However, studies on coal-fired power plants in China (7.1% OC, 

Zhao et al., 2021) and the United States (~19.6% OC, Chow et al., 2004; Watson et al., 2001) 

show a significant contribution to OA. Previous studies have also found that SOA is important for 

particle growth (Vakkari et al., 2015). One reason for the possible underrepresentation of OA may 

include the omission of condensable PM32 from the PM reported by coal-fired power plants on 

NAEIS (Refer to section 5.2 for the reasons condensable PM is underreported by coal-fired power 

plants). Particle emissions from coal-fired power plants consist of filterable and condensable PM. 

Several studies have found that condensable PM from coal fired power plants are 1.03 to 2.87 

times higher than its filterable PM2.5 (Yang et al., 2014; Li et al., 2017; Yang et al., 2018). In-stack 

measurements of several coal-fired boilers, done by Corio & Sherwell (2000), showed that 

 
32 Condensable PM: “Material that is a vapour in stack gas which condenses into a liquid or solid within a few seconds 
of leaving the stack when it cools in the atmosphere” (Corio & Sherwell, 2000; Huang et al, 2020; Li et al., 2017). 
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approximately 76% of total PM10 comprised condensable PM. Condensable PM constitutes 

organic and inorganic compounds; however, there is some disagreement on the importance of 

inorganic or organic condensable PM from coal-fired power plants. Corio & Sherwell (2000) and 

Brewer et al. (2016) found that inorganic compounds (mainly sulphate) are the dominant 

contributors to condensable PM. Li et al. (2017) found that organic compounds are the most 

significant contributors to condensable PM. Condensable PM from combustion sources can 

contribute significantly to total PM2.5 emissions (Morino et al., 2018). Therefore, one reason for 

the possible underrepresentation of OA may include the omission of condensable PM33 from the 

PM reported by coal-fired power plants on NAEIS (Refer to section 5.2 for the reasons 

condensable PM is underreported by coal-fired power plants). When Japanese emission 

inventories were modified to include condensable PM, emission rates of organic aerosols 

increased by a factor of seven over Japan (Morino et al., 2018). The under reporting of 

condensable PM could be one reason for the disparity found when comparing the model results 

with the OC found near coal-fired power plants in the China and US studies.  

The very small negative SOA over most of the study area suggests that the simulated SOA is 

slightly higher when the large coal-fired power plants are not operational. (i.e., More simulated 

SOA is formed when the large coal-fired power plants are “switched off”). The SOA could be 

affected by a change in oxidant chemistry and the types of emission sources in the area. However, 

the differences are very small (~0.002 µg/m3) and can be considered negligible. 

The model results found that the large coal-fired power plants contribute little to primary PM2.5. 

Most of the primary PM2.5 can be attributed to FPRM and POA. The highest concentrations of 

FPRM and POA, attributable to the large coal-fired power plants, were simulated over the 

Standerton area in the GER. 

4.3 Ambient PM2.5 concentrations attributable to the large coal-fired power 
plants in the Highveld. 

The annual average concentrations of the different fine particulate species were summed for each 

scenario (baseline and concept) to determine the primary PM2.5, secondary PM2.5 and total PM2.5 

for the respective scenarios. These annual averages simulated for the concept scenario were 

then deducted from the baseline scenario to give the annual average PM2.5 attributable to the 

large coal-fired power plants.The model results of primary PM2.5 comprises FCRS, FRPM, NA, 

PCL, POA and PEC, while the model results of secondary PM2.5 comprises PSO4, PNO3, PNH4, 

SOA 1 to 7 and SOAH.  

 
33 Condensable PM: “Material that is a vapour in stack gas which condenses into a liquid or solid within a few seconds 
of leaving the stack when it cools in the atmosphere” (Corio & Sherwell, 2000; Huang et al, 2020; Li et al., 2017). 
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The results of the simulated annual average near-surface concentrations of PM2.5 the different 

senarios and those attributed to the large coal-fired power plants are presented in Table 12 and 

Figure 23. Table 12 gives the spatial 99th percentile of the annual average near-surface 

concentrations of total PM2.5, primary PM2.5 and secondary PM2.5. Figure 23 presents the 

distribution of the annual average near-surface concentrations. Figure 23 is divided into three 

rows and columns. The rows differentiate the scenarios (baseline and concept) and the difference 

attributed to the large coal-fired power plants. The columns distinguish between the total-, 

primary- and secondary PM2.5 for each scenario and the difference.  

Table 12 shows a significant decrease in the spatial 99th percentile of total PM2.5 (22.45 µg/m3 to 

20.62 µg/m3) and secondary PM2.5 (7.36 µg/m3 to 4.36 µg/m3) when the large coal-fired power 

plants are excluded. Almost no change is seen in the spatial 99th percentile of primary PM2.5 

between the baseline scenario and the concept scenario. The spatial 99th percentile of secondary 

PM2.5 (3.07 µg/m3) attributed to the large coal-fired power plants was close to that of total PM2.5 

(3.08 µg/m3) attributed to the large coal-fired power plants.  

It is evident from map (a) in Figure 23 that the baseline scenario ranged from ~6 µg/m3 to 226.16 

µg/m3. The current NAAQS for annual average PM2.5 (20 µg/m3) is exceeded over the 

Johannesburg- (JHB) Ekurhuleni- (EKU), Nkangala- (NKA) and Gert Sibande- (GER) 

municipalities. A comparison between map (a) and map (d) in Figure 23 reveals a reduction in 

the spatial extent of total PM2.5 simulated in the concept scenario. The simulated annual average 

total PM2.5 for the concept scenario ranges from ~5 µg/m3 to 224.68 µg/m3. The current NAAQS 

for annual average PM2.5 (20 µg/m3) continues to be exceeded over JHB, EKU, NKA, and GER. 

However, the extent of the area experiencing concentrations above the NAAQS is less. Map (g) 

in Figure 23 shows the annual average total PM2.5 attributed to the large coal-fired power plants 

range from ~0.05 µg/m3 to 3.17 µg/m3. There is no visible change between the map (g) (i.e. total 

PM2.5) and map (i) (i.e. secondary PM2.5) in Figure 23, indicating that most of the simulated total 

PM2.5 from large (≥1 000 MW) coal-fired power plants comprises secondary PM2.5.  

Table 12: The spatial 99th percentile of annual averages of PM2.5 (µg/m3) within the Highveld study area. 

Scenario Primary Secondary Total  
Baseline (Coal-fired Power On) 16.58 7.36 22.45 
Concept (Coal-fired Power Off) 16.58 4.36 20.62 
Difference (Attributable to coal-fired power plants) 0.01 3.07 3.08 
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Figure 23: The first two rows of this figure give the simulated annual average PM2.5 near-surface 
concentrations (µg/m3) for the baseline scenario (“Coal-fired power on”) and the concept scenario (“Coal-
fired power off”). The third row gives the residual annual average near-surface concentrations (µg/m3) of 
PM2.5. A positive number indicates PM2.5 concentrations were higher in baseline scenario than the concept 
scenario. The acronyms on the map refer to the different municipal areas (Table 7). 

 

Table 13 gives the annual average PM2.5, attributable to the large coal-fired power plants for each 

municipal area. Table 13 shows that the greatest change in annual average PM2.5 (2.32 µg/m3) 

when the large coal-fired power plants are excluded occurs over the GER. Figure 24 presents the 

range of annual average PM2.5 attributable to the coal-fired power plants for each municipality in 

the study area. The first quartile (i.e., 25% of the values fall below this value) is represented by a 

black circle marker. The median is represented by a pink line. The third quartile (i.e., 75% of the 

values fall below this value) is represented by a black cross marker. The box covers the area 

where 50% of the data found. The wisker lines show the minimum and maximum values. Figure 

24 shows the JOH, West Rand- (WES) and Greater Sekhukhune- (GRE) municipal areas to have 

the most concentrated distributions. Ehlanzeni (EHL) has the lowest distribution (50% of the PM2.5 

ranges between 0.85 - 1.02 µg/m3) and GER has the highest (50% of the PM2.5 ranges between 

1.97 – 2.72 µg/m3).  
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Table 13: The average per municipality of the annual average PM2.5 (µg/m3), attributable to large coal-fired 
power plants. Refer to Table 7 for the GEO ID definitions. 

GEO 
ID Pop. ∆PM2.5 GEO 

ID Pop. ∆PM2.5 GEO 
ID Pop. ∆PM2.5 

TSH 3 275 152 1.6 WAT 745 758 1.4 NKA 1 445 624 1.7 
JOH 4 949 347 1.5 GRE 1 169 762 1.2 ZUL 892 310 1.6 
EKU 3 379 104 1.7 BOJ 1 657 148 1.6 AMA 531 327 1.9 
WES 838 594 1.5 EHL 1 754 931 0.9 THA 779 330 2.0 
SED 957 528 1.9 GER 1 135 409 2.3 FEZ 494 777 2.1 

 

 
Figure 24: The range of the annual average PM2.5 (µg/m3) attributable to large coal-fired power plants for 
each municipality (Figure 23). The first quartile is represented by a black circle marker. The median is 
represented by a pink line. The third quartile is represented by a black cross marker. The box covers 50% 
of the data. The parallel lines from the boxes indicate the minimum and maximum values. The acronyms 
on the figure refer to the different municipal areas (Table 7). 

 
Discussion 

The model simulations show that the large coal-fired power plants are a significant source of 

ambient annual average PM2.5, particularly secondary PM2.5. The highest values for annual 

average total and secondary PM2.5, attributable to the coal-fired power plants, were simulated 

within GER. It is expected as most of the PSO4, PNO3 and PNH4, attributable to the large coal-

fired power plants, were simulated over this municipality as discussed in Section 4.2. It should be 

noted that the study did not account for the fine PM2.5 from the ash dumps or dams.  
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4.4 The impact of the PM2.5 attributable to the large coal-fired power plants in the 
Highveld on human health. 

The impact that PM2.5, attributable to the large coal-fired power plants in the Highveld, has on 

human health was evaluated in terms of avoidable premature mortality and the willingness to pay 

for marginal changes to lower mortality risk. The health impact function defined in Eq.(8) with 

inputs as described in section 3.3.1 was used to estimate avoidable premature mortality. The VSL 

for South Africa, a monetary value that a group of individuals would be willing to pay for a minimal 

reduction in their risk of premature death, was calculated using Eq.(9) with inputs as described in 

section 3.3.2.  

Table 14 shows the avoidable premature mortality for each municipal area in the Highveld, 

estimated from the change in simulated annual average PM2.5 (µg/m3) attributable to the large 

coal-fired power plants. The most significant avoidable premature mortality numbers are seen in 

the JHB- (416), EKU- (402) and Tshwane- (TSH, 317) municipal areas. Approximately 2 409 

premature mortalities are ascribed to the total ambient PM2.5 attributed to the large coal-fired 

power plants in 2016.  

Table 14: The avoidable premature mortality (All-cause) for each municipal area within the Highveld 
domain. The baseline incidence was based on the mortality and population numbers aged 25 and older. 
The health impact was based on the total population exposed. Population numbers were taken from Stats 
SA. 2018b to g. Mortality numbers were taken from Stats SA. 2018a. Refer to Table 7 for the GEO ID 
definitions. 

GEO ID Total Pop (Million). ∆PM2.5 (µg/m3) Baseline incidence  
Avoidable 
premature 
mortality  

TSH 3.3 1.6 0.010 317 
JOH 4.9 1.5 0.009 416 
EKU 3.4 1.7 0.012 402 
WES 0.8 1.5 0.018 136 
SED 1.0 1.9 0.017 188 
WAT 0.7 1.4 0.008 48 
GRE 1.2 1.2 0.010 84 
BOJ 1.7 1.6 0.008 131 
EHL 1.8 0.9 0.009 85 
GER 1.1 2.3 0.008 133 
NKA 1.4 1.7 0.008 116 
ZUL 0.9 1.6 0.011 94 
AMA 0.5 1.9 0.015 89 
THA 0.8 2.0 0.011 106 
FEZ 0.5 2.1 0.010 62 
Total  24.0  Total 2 409 

 

Table 15 shows the monetary value associated with the health impacts ascribed to the PM2.5 

attributed to the large coal-fired power plants. The value in Table 15 is based on an income 

elasticity value of 1.2 for low- to middle-income countries with an elasticity range of 1 to 1.4 for 

sensitivity evaluation. Based on an average exchange rate in 2016 of 14.7049 R/US dollar 
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(Exchange Rates.org.uk., n.d.), this impact equates to a total valuation of R37.6 billion (ranging 

between R19.83 billion to R61.63 billion due to uncertainty in assigning the VSL method) 

(SA2016R) (Table 15). 

Table 15: The monetary value (in USD and ZAR) associated with removing PM2.5, primarily secondary 
PM2.5, attributable to the large coal-fired power plants based on a VSLsa (2016) of 1.06 million$ (0.86-1.31 
million$). Refer to Table 7 for the GEO ID definitions. 

GEO ID Avoidable premature 
mortality Value (Billion $) Value (Billion Rand) 

TSH 317 0.3 (0.18-0.55) 5.0 (2.61-8.12) 
JOH 416 0.4 (0.23-0.72) 6.5 (3.42-10.64) 
EKU 402 0.4 (0.23-0.70) 6.3 (3.31-10.29) 
WES 136 0.1 (0.08-0.24) 2.1 (1.12-3.49) 
SED 188 0.2 (0.11-0.33) 2.9 (1.55-4.81) 
WAT 48 0.05 (0.03-0.08) 0.8 (0.40-1.23) 
GRE 84 0.1 (0.05-0.15) 1.3 (0.69-2.16) 
BOJ 131 0.1 (0.07-0.23) 2.0 (1.08-3.35) 
EHL 85 0.1 (0.05-0.15) 1.3 (0.70-2.17) 
GER 133 0.1 (0.07-0.23) 2.1 (1.10-3.40) 
NKA 116 0.1 (0.07-0.20) 1.8 (0.96-2.97) 
ZUL 94 0.1 (0.05-0.16) 1.5 (0.77-2.40) 
AMA 89 0.1 (0.05-0.16) 1.4 (0.73-2.28) 
THA 106 0.1 (0.06-0.19) 1.7 (0.88-2.72) 
FEZ 62 0.1 (0.03-0.11) 1.0 (0.51-1.59) 
Total 2 409 2.6 (1.35-4.19) 37.6 (19.83-61.63) 

Discussion 

The GER (2.32 µg/m3), followed by Thabo Mofutsanyane (THA, 2.00 µg/m3) and Fezile Dabi (FEZ, 

2.07 µg/m3) district municipalities experienced the greatest change in annual average PM2.5 when 

the large coal-fired power plant source is “removed”. However, the number of avoidable 

premature mortality is lower for these areas due to their comparatively lower populations. Due to 

their greater populations, metropolitan municipalities benefit most from removing PM2.5. The model 

results reveal a potential to reduce the number of “All-cause” mortalities by approximately 

~1.32%34 by reducing PM2.5, most significantly secondary PM2.5 attributable to the large coal-fired 

power plants. The spatial 99th percentile of the secondary PM2.5 comes close to that of the total 

PM2.5, attributed to large coal-fire power plants. Since most of the PM2.5 attributed to the large coal-

fired power plants comprises of secondary PM2.5 and because we know most of this is a result of 

SO2 and NOx, it is safe to say that reducing the SO2 and NOx emissions from the large coal-fired 

power plant has the potential to reduce the number of “All-cause” mortalities by approximately 

~1.32%. Avoiding the ~1.32% mortality could amount to an estimated economic benefit of R37.6 

billion (SA2016R) as mentioned above. 

 
34 Based on the estimated total avoidable premature mortality (2 409) and the total 2016 all-cause mortality (181 872). 
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4.5 Previous studies  

4.5.1 Comparison with methods and scope of previous studies  

Table 16 provides a breakdown of previous studies that considered air pollution from coal-fired 

power plants in South Africa. Several studies (Gray, 2019; Marais et al., 2019; Myllyvirta, NEC, 

2018; PAC, 2018; 2014; Pretorius et al., 2017; Scorgie & Thomas, 2006; Steyn & Kornelius, 2018; 

Van Horen, 1996) have used modelling to look at the impact of air pollution from South African 

coal-fired power plants and on human health. Except for van Horen (1996), Marais et al. (2019) 

and Myllyvirta (2014), the other studies used a Lagrangian model called CALPUFF (Gray, 2019; 

NEC, 2018; PAC, 2018; Pretorius et al., 2017; Scorgie et al., 2004; Scorgie & Thomas, 2006; 

Steyn & Kornelius, 2018). The emission inventory used in this study is different from all previous 

modelling studies. Thus, a quantitative model intercomparison cannot be performed. However, 

as these studies consider the impacts of coal-fired power plants, the results will be discussed and 

compared. 
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Table 16: Comparison with previous studies. 

Scope van Horen 
(1996) 

Scorgie & 
Thomas 
(2006) 

Myllyvirta 
(2014) 

Pretorius et 
al. (2017) 

Steyn & 
Kornelius 

(2018) based 
on Grobler 

(2016)  

Eskom 2019 
MES 

applications 
supporting 
documents 
NEC (2018) 
PAC (2018) 

Marais et al. 
(2019) Gray (2019) This study 

Models EXMOD model 
embedded air 
quality 
dispersion 
models (ISC2, 
SLIM3 and 
SCREEN2) 

CALPUFF Regression 
models derived 
from single 
source CTM 
(CAMx and 
CALPUFF35) 
model runs 

CALPUFF CALPUFF CALPUFF  
NEC (2018) 

GEOS-Chem 
CTM (version 
10−01 

CALPUFF CAMx 

Geographical 
domain 

South Africa Highveld South Africa 
(Langerman & 
Pauw, 2018) 

Highveld Highveld Highveld 
NEC (2018) 

Africa & South 
Africa 

Highveld Highveld 

Exposed 
population 

36.2 million 
(Langerman & 
Pauw, 2018) 

10.83 million 
(Langerman & 
Pauw, 2018) 

~50 million 
(Langerman & 
Pauw, 2018) 

Not stated 
 
Population 
density 
provided on 
map 

Not stated ~20.3 million 
exposed to air 
pollution in 
modelling 
domain. 
PAC (2018) 
 
~17.7 million 
people 
exposed to > 
additional 1 
mean annual 
average of 
PM2.5 µg/m3.  
PAC (2018) 

~7 million 
Change in 
population 
from 2012 to 
2030 

~20.62 million 
in 2016 

~24 million 

 
35 Baker & Foley (2011) model based on CAMx modeling of stack emissions of large U.S. air pollution emission sources and Zhou et al (2006) model based on CALPUFF modeling 
of power plants in China. 



 

67 

Scope van Horen 
(1996) 

Scorgie & 
Thomas 
(2006) 

Myllyvirta 
(2014) 

Pretorius et 
al. (2017) 

Steyn & 
Kornelius 

(2018) based 
on Grobler 

(2016)  

Eskom 2019 
MES 

applications 
supporting 
documents 
NEC (2018) 
PAC (2018) 

Marais et al. 
(2019) Gray (2019) This study 

Power plants 
considered  
 
(Sources 
underlined are 
either not coal-
fired power 
plants or are 
not part of 
Eskom) 

Arnot, Duvha, 
Hendrina, 
Kendal, Kriel, 
Lethabo, 
Matimba, 
Matla, Tutuka 

Arnot, Duvha, 
Hendrina, 
Kendal, Kriel, 
Lethabo, 
Majuba, Matla, 
Tutuka 

Arnot, 
Camden, 
Duvha, 
Grootvlei, 
Hendrina, 
Kendal, 
Komati, Kriel, 
Lethabo, 
Majuba, 
Matimba, 
Matla, Medupi, 
Tutuka 

Arnot, 
Camden, 
Duvha, 
Grootvlei, 
Hendrina, 
Kendal, 
Komati, Kriel, 
Lethabo, 
Majuba, Matla, 
Tutuka, Kelvin 
Secunda 
Station 1, 
Secunda 
station 2, Sasol 
station 1, Sasol 
station 2 

Arnot, 
Camden, 
Duvha, 
Grootvlei, 
Hendrina, 
Kendal, 
Komati, Kriel, 
Majuba, Matla, 
Tutuka and 
Sasol Synfuels 
steam plants 
(Langerman & 
Pauw, 2018 & 
Grobler 2016) 

Arnot, 
Camden, 
Duvha, 
Grootvlei, 
Hendrina, 
Kendal, 
Komati, Kriel, 
Kusile, 
Lethabo, 
Majuba, Matla, 
and Tutuka. 
NEC (2018) 

Power plants 
(coal, natural 
gas & bunker 
fuel) and 
vehicle 
emissions 

Arnot, 
Camden, 
Duvha, 
Grootvlei, 
Hendrina, 
Kendal, 
Komati, Kriel, 
Majuba, Matla, 
Tutuka, Sasol 
Synfuels & 
Natref Refinery 

Arnot, 
Camden, 
Duvha, 
Grootvlei, 
Hendrina, 
Kendal, 
Komati, Kriel, 
Lethabo, 
Majuba, 
Matimba, 
Matla, Medupi, 
and Tutuka 

Emissions year Based on 1994 
emissions  
 

Based on 2003 
emissions 

Based on 
“Current” 
emissions in 
the 2013 
Atmospheric 
Impact Reports 
as part of 
Eskom MES 
postponement 
applications. 

Emission 
year(s) 
unclear. 
Modelled for 
2011 to 2013 

Emission 
year(s) 
unclear. 
Taken from 
Eskom and 
Sasol 2014 
MES 
applications. 
Modelled for 
2010 to 2012 

Emission 
year(s) 
unclear. 
Report 
provides 
“Current” 
emissions.  
Emissions for 
Kusile were 
averaged from 
June 2017 to 
December 
2017. Report 
dated 2018. 
NEC (2018) 

Based on 2012 
emissions and 
projected 2030 
emissions 

Baseline is 
based on 2016 
emissions 

Based on 2016 
emissions 
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Scope van Horen 
(1996) 

Scorgie & 
Thomas 
(2006) 

Myllyvirta 
(2014) 

Pretorius et 
al. (2017) 

Steyn & 
Kornelius 

(2018) based 
on Grobler 

(2016)  

Eskom 2019 
MES 

applications 
supporting 
documents 
NEC (2018) 
PAC (2018) 

Marais et al. 
(2019) Gray (2019) This study 

Ambient 
concentrations 
& Averaging 

period 

Concentration
s not stated 
 
Annual 
averaging 
period 

Annual 
average 
contributions 
by coal-fired 
power plants: 
SO2: 44 µg/m3  
NO2: 8.1 µg/m3  
PM10: 5.5 
µg/m3 

Annual 
average 
contributions 
by coal-fired 
power plants 
over South 
Africa: 
PM2.5: 0.1 to 
3.4 µg/m3 
(Baker&Foley 
model)  
 
PM2.5: <0.45 to 
1.81 µg/m3 

(Zhou et al. 
model) 
 
(Taken from a 
map) 

Three-year 
average 
contributions 
by coal-fired 
power plants: 
SO2: ~2 to ~7 
µg/m3 
NOx: ~0.5 to 
~2 µg/m3 
PM10: ~1.2 to 
~2.6 µg/m3 
 
(Taken from a 
map) 

Three-year 
average for 
baseline 
conditions: 
SO2: ~2 to ~28 
µg/m3 

(Taken from 
map) 
 
 

Maximum 
predicted 
annual 
average for 
“current 
emissions”: 
SO2: 22 µg/m3  
NO2: 7.0 µg/m3  
PM10 or PM2.5: 
1.1 µg/m3 

Secondary 
particulates: 
4.2 µg/m3 
NEC (2018) 
 

PM2.5: >1 
µg/m3 
attributed to 
coal fired 
power plants 
PAC (2018) 
 
Annual 
average & 99th 
percentile of 
24-hour and 1-
hour 
concentrations 

Annual 
average 
contributions 
by power 
plants and 
vehicle 
emission: 
2012 PM2.5 (No 
dust of sea 
salt): 0 to 40 
µg/m3 
 
Difference in 
PM2.5 between 
2012 & 2030: 
1.41 µg/m3 

Annual 
average 
contributions 
by coal-fired 
power plants 
and Sasol 
Synfuels and 
Natref: 
SO2: 19 µg/m3  
NO2: 8.76 
µg/m3  
PM10: 3.7 
µg/m3 
oPM2.5: 3.2 
µg/m3 

Annual 
average 
contributions 
by coal-fired 
power plants: 
SO2: ~ 0 to 
168.62 µg/m3 36 
NO2: 0 to 54.18 
µg/m3 

PM2.5: ~0.05 
µg/m3 to 3 
µg/m3 

Health Impact 
(Mortality) 

56 (174-266) 
from TSP, SO2 
and NOx 

16.6 due to 
SO2 from coal-
fired power 
plants. 

2 238 (729-4 
237) (Baker & 
Foley model)  - 

Benefit of 
reducing SO2: 
Sulphates: 32 

Health impacts 
attributed to 
PM2.5 is 
unclear without 

Exposure to 
PM2.5 from 
2030 fossil-fuel 
use: 

Exposure to 
PM2.5 from 
coal-fired 
power, Sasol 

2 409 (β = 
0.0060 based 
on RR 1.062 
for All-cause 

 
36 Results in ppb were converted to µg/m3 using the equation: µg/m3 = (ppb) x (12.187) x (M) / (273.15 + °C). The conversion assumes an ambient pressure of 1 atmosphere and a 
temperature of 25 degrees Celsius. 
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Scope van Horen 
(1996) 

Scorgie & 
Thomas 
(2006) 

Myllyvirta 
(2014) 

Pretorius et 
al. (2017) 

Steyn & 
Kornelius 

(2018) based 
on Grobler 

(2016)  

Eskom 2019 
MES 

applications 
supporting 
documents 
NEC (2018) 
PAC (2018) 

Marais et al. 
(2019) Gray (2019) This study 

 
Zero attributed 
to PM10 and 
NO3 from coal-
fired power 
plants. 

2 731 (890-5 
171) (Zhou et 
al. model) 
 
From “current” 
annual 
mortality 
attributed to 
PM2.5 and 
precursor 
emissions. 
 
Not based on 
“All-cause,” 
estimated per 
cause (Lung 
cancer, IHD, 
COPD, stroke 
and includes 
lower 
respiratory 
infections for 
children under 
5). 

SO2: 25 
(Langerman & 
Pauw, 2018 & 
Grobler, 2016) 

doing further 
calculations. 
 
Not based on 
“All-cause,” 
estimated per 
cause 
(Respiratory 
mortality using 
SO2, 
Cardiovascular 
mortality using 
NO2 and 
Cerebrovascul
ar and 
Diabetes 
mellitus 
mortality using 
PM2.5. 

10 400 (2 000-
18 300)  

Synfuels & 
Natref: 454.7 
(302.5-650.2) 
 
Exposure to 
PM2.5 attributed 
to coal-fired 
power: 471.2 
(315.3-673.6)37 
 
Not based on 
“All-cause,” 
estimated per 
cause (IHD, 
Lung cancer, 
stroke, COPD 
and includes 
lower 
respiratory 
infections for 
children under 
5). 

mortality). The 
baseline 
incidence was 
based on 
mortality- and 
population 
numbers ages 
≥25. 

VSL Low estimate 
R800 000 
 
Central 
estimate: 1.2 
million Rand 
 

- 

Estimated 
VSLSA (2012) 

adults: 12.1 
million Rand 
based on an 
income 

- 

Estimated 
VSLSA (2020) of 
53 million rand 
based on an 
income 
elasticity of 1. 

VSLSA (2018): 
~48-million-
rand PAC 
(2018) - - 

VSLSA (2016): 
1.06 million US 
dollar (~15.61 
million Rand)38 
based on an 
income 

 
37 The total for coal-fired power plants was based on the sum of the estimated annual mortality by source in Table 4 of Gray (2018). Note that the totals summed for coal-fired power 
plants are higher than the total for all sources in Table 4 of Gray (2018). The reason for this is unclear. 
38 Based on an average exchange rate in 2016 of 14.7049 R/US dollar. 
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Scope van Horen 
(1996) 

Scorgie & 
Thomas 
(2006) 

Myllyvirta 
(2014) 

Pretorius et 
al. (2017) 

Steyn & 
Kornelius 

(2018) based 
on Grobler 

(2016)  

Eskom 2019 
MES 

applications 
supporting 
documents 
NEC (2018) 
PAC (2018) 

Marais et al. 
(2019) Gray (2019) This study 

High estimate: 
1.9 million 
Rand 

elasticity of 
0.8. 
Estimated 
VSLSA (2012) 

children: 24.2 
million Rand 
based on an 
income 
elasticity of 
0.8. 

elasticity of 
1.2. 

Valuation Air pollution: 
0.62 (0.85-
1.05) billion 
Rand39 40  

- 

PM2.5: 
(Baker&Foley 
2011 model): 
30 billion 
Rand41 

- 

Benefit of 
reducing SO2: 
115 billion 
Rand 

Full 
compliance 

with new plant 
MES for SO2, 
NO2 and PM 
(considers 

PM2.5) has an 
estimated 

health benefit 
of between 2.5 
billion and 22.1 

billion Rand 
over 16 years  
PAC (2018) 

- - 

37.6 billion 
Rand42  

 

 
39 Based on 1995 Rand values. 
40 Does not consider pollution originating from ash dumps at power plants. 
41 Based on VSL, OECD 2005, and an estimated central VSL for South Africa for 2012 of 12.1 million Rand. 
42 Based on VSL, OECD 2011, and an estimated VSL for South Africa for 2016. 
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4.5.2 Comparison with results of previous studies 

Van Horen (1996) used the EXMOD externalities model to estimate the health effects of coal-

fired power plant air pollution (TSP, SO2 and NO2) and evaluate these health effects. The EXMOD 

air quality modelling component comprises the ISC2, SLIM3 and SCREEN2 Gaussian plume, 

dispersion models. The study does not account for the secondary particulates formed from the 

interaction of SO2 and NO2 from coal-fired power plants with precursor emissions from other 

sources within the region. The mortality and valuation estimated by van Horen (1996) are lower 

than the mortality and valuation estimated in this study. Reasons for this include that the van 

Horen (1996) study results are based on emissions from fewer coal-fired power plants and the 

1995 Rand value. Scorgie & Thomas (2006) used a high threshold concentration (PM2.5 = 15 

µg/m3) in their risk assessment. All simulated annual average PM10 ground-level concentrations 

fell below this high threshold concentration; therefore, zero mortality was attributed to PM10. 

Scorgie & Thomas (2006) used the CALPUFF dispersion modelling suite to simulate air pollution 

(PM10, SO2 and NO2) from Eskom coal-fired power plants in the Highveld and estimated the health 

effects attributed to the air pollution. Emissions from other sources (industry, open cast coal mines 

and ash disposal sites, vehicle emissions and domestic fuel burning) were simulated to determine 

background air pollutant concentrations. The simulated PM10 results accounted for both primary 

and secondary particulates. The annual average SO2 and NO2 contributions by the large coal-

fired power plants simulated in this study are higher, but in the same order of magnitude, than 

those simulated by Scorgie & Thomas (2006). The lower SO2 and NO2 values in Scorgie & 

Thomas (2006) may be partly due to the simulation of emissions from fewer (10) coal-fired power 

plants.  

Pretorius et al. (2017) used the CALPUFF dispersion modelling suite to simulate a three-year 

average (primary and secondary) PM10 contribution by coal-fired power plants over the Highveld 

area. The study included coal-fired power plants operated by Eskom, Sasol, and City Power. The 

study simulated the coal-fired power plants with no background. It, therefore, did not account for 

the secondary particulate matter formed from the interaction of the SO2 and NO2 from coal-fired 

power plants with precursor emissions from other sources within the Highveld. The study 

considered the impact of fine particulates by estimating the intake fractions of NO3 and SO4 from 

the simulated (primary and secondary) PM10. An important finding of the study is that the 

secondary particulate (NO3 and SO4) contribution to the intake value (kg per year) from total PM10 

is more pronounced than that of primary PM10. The SO2 and NO2 coal-fired power plant 

contributions in this study are also higher than those simulated by Pretorius et al. (2017), but in 

the same order of magnitude. Reasons for the lower SO2 and NO2 values in Pretorius et al. (2017) 

could be due to the differences in models used (Calpuff vs CAMx), emission inventories and 

domain boundaries. Pretorius et al. (2017), did not account for the secondary particulates formed 
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from the interaction of the precursor emissions of PM2.5 from coal-fired power plants with precursor 

emissions from other sources within the region.  

Of the previous studies that considered air pollution from coal-fired power plants in South Africa, 

Gray (2019), Marais et al. (2019), Steyn & Kornelius (2018), NEC & PAC (2018) and Myllyvirta 

(2014) considered the impact of secondary PM2.5 from coal-fired power plants.  

Marais et al. (2019) used the chemical transport model GEOS-Chem, to simulate the impact of 

PM2.5 air pollution from the use of fossil-fuels for electricity generation and transport in Africa. 

GEOS-Chem is a global 3D model of atmospheric chemistry. The study looks at power generation 

from coal, natural gas and bunker fuel, and the impact of PM2.5 includes vehicle emissions. The 

study also does not focus on the Highveld but reports the impact on Africa and South Africa. 

Gray (2019) used the CALPUFF dispersion modelling suite to simulate air pollution (PM10, PM2.5, 

SO2 and NO2) from Eskom coal-fired power plants, Sasol Synfuels and Natref refinery. The study 

simulated the 2016 emissions and a 2020 MES compliance scenario. The study simulates the 

cumulative impact of three major source contributors and later attributes PM2.5 mortality to each 

of the sources. Allowing for an estimation of PM2.5 mortality attributed solely to coal-fired power 

plants. It is unclear if background conditions were considered, perhaps through the input of 

ambient values. The study does not explicitly account for air pollution transported across the 

boundary and does not explicitly account for other sources in the Highveld (e.g., biomass burning, 

other industries, biogenic VOCs and ammonia from agriculture, domestic fuel combustion and 

on-road vehicles) on the formation of secondary PM2.5. 

Steyn & Kornelius’ 2018 compared a baseline scenario with compliance with the new plant MES 

scenario to assess the impact of reducing SO2 emissions from Eskom and Sasol’s solid fuel 

combustion installations. The study used the CALPUFF dispersion modelling suite and simulated 

ground-level concentrations over the Highveld Priority Area. Although it appears to be included, 

Steyn & Kornelius’ (2018) published study does not contain results for secondary sulphate 

particulates, rather the results are presented in Grobler (2016). Cairncross (2018) commented 

that some of the mitigation costs not related to the emission sources were included in the cost-

benefit estimates done by Steyn & Kornelius (2018) and that the benefits related to sulphate 

exposure were excluded. The study simulated the cumulative impact of SO2 emissions from two 

significant source contributors, Eskom coal-fired power plants and the Sasol facility in Secunda. 

The study only considers sulphates. It is unclear if background conditions were considered, 

perhaps through the input of ambient values. The study does not explicitly account for pollution 

transported across the boundary and does not explicitly account for other sources in the Highveld 

(e.g., biomass burning, other industries, biogenic VOCs and ammonia from agriculture, domestic 

fuel combustion and on-road vehicles) on the formation of secondary PM. 
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NEC (2018) used the CALPUFF dispersion modelling suite to simulate air pollution (PM10, PM2.5, 

secondary PM, SO2 and NO2) from the Eskom coal-fired power plants for three scenarios. These 

scenarios simulated “current” emissions, compliance to new plant MES and emissions for a 

scenario where five of the coal-fired power plants are non-operational. The study simulates the 

cumulative impact of Eskom coal-fired power plants source on ambient PM2.5 and considers 

secondary PM2.5. It is unclear if background conditions were considered, perhaps through the 

input of ambient values. The study does not explicitly account for pollution transported across the 

boundary and does not explicitly account for other sources in the Highveld (e.g., biomass burning, 

other industries, biogenic VOCs and ammonia from agriculture, domestic fuel combustion and 

on-road vehicles) on the formation of secondary PM2.5. PAC (2018) used the dispersion modelling 

results of in a cost benefit analysis, comparing the monetary value of the estimated health benefits 

to the capital and operational costs different scenarios.  

Myllyvirta (2014) used statistical parameterisation to relate emissions from coal-fired power plants 

to PM2.5 and estimated PM2.5 emissions based on a ratio with PM10 of 4/9. The parameterisations 

were based on regression models derived from single-source chemical transport model (CAMx 

and CALPUFF) runs. These model runs were based on CAMx modelling stack emissions from 

significant air pollution sources in the United States (Baker & Foley, 2011) and the CALPUFF 

modelling of power plants in China (Zhou et al., 2006), not local sources.  

The annual average SO2 and NO2 emissions attributed to the large coal-fired power plants in this 

study are higher, but in the same order of magnitude, than those simulated by Steyn & Kornelius 

(2018) and NEC (2018). The lower SO2 and NO2 values in Steyn & Kornelius (2018) and NEC 

(2018) could be due to the differences in models used (Calpuff vs CAMx), emission inventories 

and domain boundaries. The annual average PM2.5 contributions by the large coal-fired power 

plants, simulated in this study, compare well with those estimated by Myllyvirta (2014) and 

simulated by NEC (2018) and Gray (2019).  

Myllyvirta (2014) considered the following causes of mortality: Lung cancer, Ischemic Heart 

Disease (IHD), Chronic Obstructive Pulmonary Disease (COPD), stroke and lower respiratory 

infections. For a 10 µg/m3 increase in annual average PM2.5, the following relative risks were 

applied by Myllyvirta: 1.14 for lung cancer, 1.26 for IHD, 1.05 for COPD, 1.12 for stroke and 1.12 

for lower respiratory infections in children under five. This study focused on all-cause mortality 

and used a relative risk of 1.062. The mortality results for Myllyvirta (2014) and this study are very 

similar although Myllyvirta (2014)’s study is based on a greater exposed population size as the 

domain was larger (~50 million, Langerman & Pauw, 2018). Reasons for this are that this study 

uses a chemical transport model in the estimation of PM2.5 and the domain in this study contains 

the areas where the impacts from large coal-fired powered plant emissions are the greatest. 
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The valuation in Myllyvirta (2014) is lower than this study. One reason for the lower valuation is 

the lower 2012 VSL used in Myllyvirta (2014).  

The paper by Steyn & Kornelius (2018) gives a valuation of the reduction of SO2 from coal-fired 

power plants, however, it does not give the number of premature mortalities avoided. Numbers of 

the estimated premature mortality avoided attributable sulphates and SO2, for the Steyn & 

Kornelius (2018) study, are given in Langerman & Pauw (2018) and Grobler (2016). Langerman 

& Pauw (2018) and Grobler (2016) provides that the reduction in SO2 results in an estimated 32 

premature mortalities from sulphates and 25 premature mortalities from SO2. The study was 

based on a timeframe of 30 years from 2020 to 2050 when all current plants will reach end of life 

Grobler (2016). Steyn & Kornelius (2018) estimated health benefit of 115-billion-rand health 

benefit (adult mortality). 

PAC (2018) used dispersion modelling results from the NEC (2018) study in a cost benefit 

analysis, comparing the monetary value of the estimated health benefits to the capital and 

operational costs different scenarios. Although the methodology for estimating health impacts is 

discussed in PAC (2018), without further calculations it is unclear what premature mortality was 

attributed to PM2.5 from the Eskom coal-fired power plants.  

The difference in PM2.5 (1.41 µg/m3) between the 2012 and 2030 simulated fossil-fuel emissions 

from power plants and vehicles in South Africa, applied in Marais et al. (2019) to determine the 

mortality is less than the annual average PM2.5 this study attributes to the large coal-fired power 

plants (1.67 µg/m3) in the Highveld. However, the mortality determined by Marais et al. (10 400) 

is greater than that estimated in this study (2 409), mainly due to the greater exposed population. 

Gray (2019) attributed less (471.2) mortalities than this study (2 409) to the annual average PM2.5 

contributed by the large coal-fired power plants in the Highveld. Reasons for the differences 

include the differences in models, model chemistry, boundary conditions, other source 

considerations, the mortality cause and ages considered in the health impact estimates. 

 

  



 

75 

CHAPTER 5: CONCLUSION 

Chapter 5 presents an overview of the study within the context of the study objectives and 

recommendations for future studies.  

5.1 The impacts of coal-fired power plants on aerosol particles in the Highveld 

Coal-fired power plants emit sulphur dioxide (SO2) and nitrogen oxides (NOx), known precursor 

gases of secondary PM2.5 (particulate matter with an aerodynamic diameter ≤ 2.5µm) air pollution. 

PM2.5 air pollution can travel far from its source or the area where it was formed, and once inhaled, 

it can penetrate deep into the respiratory system and cause adverse health impacts. Long-term 

exposure to ambient PM2.5 may even lead to premature mortality. Most of the coal-fired power 

plants in South Africa are located within the industrialised Highveld region. This region has 

complex meteoroloigcal conditions that are often highly unfavourable for air pollution dispersion. 

To effectively manage ambient air quality in the Highveld, we must understand the relationship 

between ambient PM2.5 and the contribution of significant sources, such as coal-fired power 

plants, to ambient PM2.5 levels.  

Four previous studies have attributed the annual average PM2.5 solely to coal-fired power plants 

in the Highveld (Gray, 2019; Steyn & Kornelius, 2018; NEC & PAC, 2018; Myllyvirta, 2014). 

Myllyvirta (2014) used regression models derived from single-source chemical transport model 

(CAMx & CALPUFF) runs and estimated PM2.5 emissions based on a ratio with PM10 of 4/9. The 

other three studies used chemical transport models (Gray, 2019; Steyn & Kornelius, 2018; NEC 

& PAC, 2018). It is unclear if background conditions were considered, perhaps through the input 

of ambient values. However, these studies did not explicitly account for air pollution transported 

across the boundary or all other major sources in the Highveld in the formation of secondary 

PM2.5. Each of the four studies has limitations and does not represent a complete estimate of the 

secondary PM2.5 attributable solely to coal-fired power plants in the Highveld. 

This study used a Eulerian chemical transport model, CAMx, to simulate the atmospheric 

chemistry and the impact of air pollution from coal-fired power plants at a high spatial resolution 

over the industrial Highveld, to provide a more complete estimate of PM2.5, particularly secondary 

PM2.5 attributable to the coal-fired power plants. A model performance evaluation found the model 

simulations adequate for this study. By comparing the concept simulation, where all large coal-

fired power plant emissions are excluded, with the baseline simulation of the Highveld 

atmosphere, the study can attribute a more complete simulated impact of the large coal-fired 

power emissions on the annual average PM2.5 over the Highveld. The model simulations found 

that the large coal-fired power plants are the greatest contributors to ambient annual average 

SO2, NO, and NO2 and significant contributors to secondary particulate species PSO4, PNO3 and 
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PNH4. Therefore, it is no surprise that the model results also show that the large coal-fired power 

plants are a significant source of ambient annual average PM2.5, particularly secondary PM2.5.  

The highest annual average total and secondary PM2.5 concentrations, attributable to the large 

coal-fired power plants, were simulated within the Gert Sibande district municipality (GER). It is 

expected as most of the PSO4, PNO3 and PNH4 were simulated over the same municipal area. 

Although GER, followed by the Fezile Dabi (FEZ)- and Thabo Mofutsanyane (THA) district 

municipalities, experienced the greatest change in annual average PM2.5 due to its greater 

population density, the metropolitan municipalities benefit most from removing PM2.5. Most of the 

PM2.5 attributable to the large coal-fired power plants comprises secondary PM2.5.  

Reducing the PM2.5 precursor emissions, SO2 and NOx, from the large coal-fired power plant can 

reduce the number of “All-cause” mortalities in the study area by up to ~1.32%. A total reduction 

in the premature mortality attributed to PM2.5 from the large coal-fired power plants is valued at an 

estimated R37.6 billion (SA2016R) in 2016. 

5.2 Research limitations 

The main research limitations include the following: 

1. Uncertainties in emission inputs are one of the main contributors to significant errors in 

photochemical modelling (US EPA, 2019; Russel & Dennis, 2000). Every effort was made 

to develop an emission inventory representative of the emissions within the Highveld. There 

are still many improvements that are needed, such as: 

a. this study is subject to uncertainties in emission estimates from mining (particularly 

spontaneous combustion of underground coal mines), vehicle emissions, and 

agricultural ammonia; 

b. data on condensable PM emissions is limited because most countries do not require 

sources to measure it (Huang et al, 2020; Yang et al., 2014). The list of activities 

published in terms of Section 21 of NEM: AQA in GN 893 in GG 37054 on 22 

November 2013 (as amended) do not specifically refer to condensable PM. The list 

defines PM as “Means total particulate matter, which is the solid matter contained in 

the gas stream in the solid state as well as the insoluble and soluble solid matter 

contained in entrained droplets in the gas stream, as measured by the appropriate 

method listed in Annexure A of GN893”. The definition of PM is ambiguous; however, 

Annexure A provides for the US EPA Method 202 in the 2018 amendment 43. It is 

therefore likely that the definition of PM in South Africa includes condensable PM. 

Thus, condensable PM should be included in the South African emission inventory, 

 
43 Published in GN 1207, GG 42013 on 31 October 2018. 
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or if it is included it should be noted as such, to improve the representation of coal-

fired power stations.  

c. Eskom uses opacity monitors to measure PM emissions from coal-fired power plants 

(Keir, 2014). Opacity44 monitors measure PM using light (US EPA, 2000; LAND- 

AMETEK, 2008). The method used to measure condensable PM uses condensation 

by cooling the filtered gas to a temperature between 20 to 30 ⁰C (Huang et al, 2020; 

Yang et al., 2014). Continuous emission monitoring systems using light (e.g., light 

scattering or light extinction) may not be applicable in monitoring condensable PM 

(Beutner, 1974; US EPA, 2000) 45. The PM emissions reported in NAEIS for the Eskom 

coal-fired power plant therefore do no account for condensable PM and the model 

results underrepresent primary condensable PM, particularly impacting PSO4 and 

POA. 

d. the emission inventory does not account for wind-blown dust.  

2. The PM2.5 attributed to the coal-fired power plants does not include fine particulates from 

coal storage areas and ash dumps or dams. The study focused on the PM2.5 attributed to 

precursor gases emitted from the coal-fired power plant stacks.  

3. The model performance evaluation is based on limited observed ground-level data. Only 

ambient air quality data from seven monitoring stations owned by the Department of 

Forestry, Fisheries and the Environment could be obtained during the study.  

4. Vertical profile measurements along plume paths were unavailable for the study region and 

period. Therefore, the model performance in simulating the transport and transformation of 

tall stack emissions in the complex Highveld atmosphere was not assessed. De Lange et 

al. (2021) have highlighted that the simulated dispersion of the plumes is dependent on the 

planetary boundary layer (PBL) scheme selected in WRF. As there are no vertical 

measurements, it is unclear which PBL scheme best simulates this dispersion.  

5. Coal-fired power plants emit various air pollutants that can harm human health. This study 

only considers the health risks associated with the annual average PM2.5. Further work 

could estimate the impact of coal-fired power plant emissions on 24-hr average PM2.5 and 

other trace gas species (e.g., ozone).  

1. The relative risk used to estimate the health impact was based on a pooled estimate from 

several cohort studies. These cohort studies cover a wide geographic area, including 

America, Europe, and Asia. None of these studies included South Africa. However, a study 

by Liu et al. (2019) shows that the percentage difference in daily all-cause mortality per 10 

 
44 Opacity is defined as the degree to which particle emissions reduce the intensity of transmitted photopic light (due to 
absorption, reflection, and scattering) and obscure the view of an object through ambient air, an effluent gas stream, 
or an optical medium, of a given pathlength (LAND-AMETEK, 2008). 
45 To account for condensable PM, continuous emission monitoring systems should be able to measure PM at the 
Reference Method filter temperature (<29.4⁰C) (US EPA, 2000). 
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µg/m3 increase in PM2.5 estimated for South Africa (0.8%) is similar to that of the countries 

used in the cohort studies (i.e., 1.58% for the US, 1.7% for Canada, 0.79 for Switzerland, 

0.41% for China and 1.42% for Japan). 

2. The health impact for this study was estimated based on the total population numbers within 

the municipal areas. However, the relative risk used to estimate the health impact was 

based on cohort studies using adults aged ≥25 years. The baseline incidence used in the 

health impact function (Eq. (8)) was therefore based on the mortality- and population 

numbers for ages ≥25 years. 

3. The results were not presented in population-weighted averages because the all-cause 

mortality data in the Stats SA statistical release (P0309.3) was given for metropolitan and 

district municipalities.  

4. Willingness to pay (WTP) studies are still lacking in South Africa. The VSL for SA was 

estimated using a “base VSL” based on mean VSL estimates from WTP studies conducted 

in high-income countries. Transferring an economic valuation based on populations in more 

developed countries introduces uncertainty. The VSL for SA was adjusted by applying an 

income elasticity value of 1.2 for low- to middle-income. The VSLsa,2016, estimated for this 

study compared well with a VSLsa,2017, estimated for South Africa by Viscusi et al. (2017). 

5.3 Contribution to the broader body of knowledge 

• To date, this study is the most comprehensive application of a chemical transport model, 

looking at PM2.5 from coal-fired power plants on the South African Highveld.  

• To date, this study is the only application of a Eulerian chemical transport model, looking 

specifically at PM2.5 solely from coal-fired power plants on the industrial Highveld and 

adjacent areas.  

• Unlike previous studies, this study explicitly accounts for air pollution transported across the 

boundary and other sources in the Highveld (e.g., biomass burning, other industries, 

biogenic VOCs and ammonia from agriculture, domestic fuel combustion and on-road 

vehicles) on the formation of secondary PM2.5. 

• The study focuses on coal-fired power plants, one of the most significant emissions sources 

in South Africa. It is also a sector struggling to comply with minimum emission standards 

and is faced with difficult management questions. 

• The study shows that coal-fired power plants are significant sources of PM2.5 precursor 

gasses SO2 and NO2 and contribute significantly to ambient PM2.5, particularly secondary 

PM2.5 in the Highveld. Most of the PM2.5 attributable to the coal-fired power plants comprise 

secondary PM2.5. This is significant not only for the dangers of PM2.5 but also because it can 



 

79 

be reduced by reducing SO2 and NO2 emissions. This is also significant as it highlights the 

importance of including secondary PM2.5 in such assessments.  

• The study shows a potential to reduce the number of “All-cause” avoidable premature 

mortality by ~1.32% by reducing the PM2.5 precursor gasses SO2 and NO2 from the large 

coal-fired power plants. This reduction in avoidable premature mortality could amount to an 

estimated economic benefit of 37.6 billion Rand (SA2016R). 

• This study was focused on a small portion of the greater Highveld area; however, its 

estimated economic benefit (37.6 billion RandSA2016) is more than the 30 billion RandSA2012 

Myllyvirta estimated for the entire South Africa. This would be expected as a chemical 

transport model is used in the estimation of PM2.5 and the domain in this study contains the 

areas where the impacts from large coal-fired powered plant emissions are the greatest.  

• This study attributed an estimated 2 409 mortalities to the annual average PM2.5 contributed 

by the large coal-fired power plants in the Highveld. This is higher than the 471.2 mortalities 

estimated by Gray (2019). This is expected due to the differences in model setup and the 

more complex chemical mechanism in the CAMx study. The difference in results could also 

be due to the differences in mortality estimations. The estimated mortalities in this study 

were based on “All-cause” mortality rates as opposed to the cause-specific estimates in 

Gray (2019). There are also differences in the ages considered in the estimations. 

• By understanding the relationship between the levels of ambient PM2.5, particularly 

secondary PM2.5, and the emissions of primary PM2.5 and precursor gases from coal-fired 

power plants, we can better investigate the impact of PM2.5 attributable to coal-fired power 

plants on human health in the Highveld. 

• This study presents a method for apportioning secondary particulate matter to various 

sources. Understanding this relationship can assist the government when allocating 

resources to air quality management, health and safety strategies and programs to improve 

air quality and, by extension, the health and well-being of communities in the Highveld. 
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ANNEXURE A – TIME SERIES FOR PM2.5 
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