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Doctoral studies at the North-West University. The preface contains an overview in abstract 

form of the thesis submitted for examination. 

General details regarding the published papers and presentations are given along with the 

papers in this thesis. The papers included in this thesis were published in various journals 

and conference proceedings, each specifying its own formatting and style. These papers are 

included “as is” and it should be noted that no changes were made to the content thereof.  

The preface and appendices includes signed statements, acknowledgements and consent to 

publish from each co-author. The deliverables arising from each study are discussed and a 

conclusion of the thesis is provided. 

This thesis was submitted for language editing to Carina Barnard as declared in the 

certificate below. 
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ABSTRACT 

South Africa faces long-term energy challenges, such as energy access and affordability; 

diminishing reserves of coal; environmental concerns; balancing the electricity grid whilst 

incorporating an increasing proportion of variable renewable energy sources; mounting 

environmental liabilities caused by defunct mining operations, and fluctuating exchange 

rates and their influence on energy commodity prices.  

Underground coal gasification (UCG) is an advanced clean coal technology that offers a 

breakthrough solution to the country’s energy challenges as UCG has the capacity to cost-

effectively liberate vast domestic coal resources that currently cannot be economically 

exploited using traditional mining technologies. The technology offers flexibility in terms of 

coal types and load size, making it the ideal renewable energy compliment. By managing the 

gasification agent and operational conditions, it is possible to achieve a wide range of 

desired compositions and control the quantity of gas produced.  

Johan Brand and his late partner teamed up as African Carbon Energy (Pty) Ltd (‘Africary’) to 

initiate UCG-based electricity production by aligning it with the government’s request for 

independent power producers and coal-to-liquids. Africary promotes the implementation of 

UCG with several UCG projects immediately ready and awaiting financial close. All Africary 

projects utilise commercially available gas clean-up and chemical process systems, including 

the processing of by-products for marketable commodities, thereby preventing 

environmental pollution.  

A concept study for integrating UCG with a mini-GTL system in a unique poly-generation 

configuration was presented. The process consists of two parallel gasifiers, operated on 

different agents, making the UCG, coal to liquids (CTL) and power generation tightly linked 

and interdependent, but reducing both cost and emissions. In addition, UCG offers a lower 

capital investment compared to conventional underground mining and surface gasification 

due to the removal of the surface gasifier and coal mine operations. The gas clean-up 

systems will remove undesirable components from each gasifier and blend the cleaned 

syngas for H2:CO ratio control and provide the implementation of carbon capture and 

sequestration.   

The latest study provide optimised process flow and reduces complexity to provide own use 

electricity and about 2 000 barrels of oil per day (bbl/day) diesel and 200 ton/day liquefied 

natural gas (LNG) at a capital cost estimate of about $ 350 million and operating cost of 

around 28 $/bbl (in 2017 $ terms). 

Keywords: 

South Africa, underground coal gasification, UCG, industrialisation, CTL, electricity. 
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CBM coal bed methane 
CCGT  combined-cycle gas turbine 
CCS  carbon capture and sequestration 
CF2  Clean Fuels 2 program initiated by the DOE of SA 
CO  carbon monoxide 
CO2  carbon dioxide 
CRIP controlled retraction injecting point 
CTL  coal-to-liquids 
CTX  coal-to-X, (X = power, chemicals, liquids or gas) 
DOE  Department of Energy of South Africa 
FT  Fischer-Tropsch 
GTL  gas-to-liquids 
GW gigawatt or 1000 megawatt 
H2 hydrogen 
IGCC  integrated gasification combined cycle 
IPP independent power producer 
kV kilovolt 
kW  kilowatt 
kWh  1 kW for 1 hour 
LNG  liquefied natural gas  
MW  megawatt 
Nm3/hr a normal (at ISO conditions) cubic meter per hour 
OCGT open cycle gas turbine 
ppm  parts per million 
R Rand (the currency of South Africa = ZAR) 
$ Dollar (the currency of the United States of America) 
SA  South Africa 
SAMREC The South African Code for the Reporting of Exploration Results, Mineral 

Resources and Mineral Reserves (the SAMREC Code) 
SAUCGA  South African Underground Coal Gasification Association 
SNG  substitute (or synthetic) natural gas 
tcf trillion cubic feet 
TUCG  Theunissen underground coal gasification (a project developed by Africary) 
UCG  underground coal gasification 
ULSD  ultra low sulphur diesel (with less than 10 ppm sulphur) 
VRE  variable renewable energy  
 

 



Chapter 1 - Introduction 

Page - 1 

1  INTRODUCTION 

In a 2018 publication contribution, it was emphasised that South Africa was facing long-term 

energy security challenges, brought about by a myriad of factors that are somewhat 

uniquely exacerbated compared against the global context [1]. Long-term energy security 

challenges for South Africa (SA) became paramount due to factors like energy access and 

affordability; dwindling reserves of coal (the primary bulk energy source); mounting 

environmental concerns (especially regarding coal and nuclear energy generation); balancing 

the electricity grid whilst incorporating an increasing proportion of variable renewable 

energy (VRE) sources; mounting environmental liabilities caused by defunct mining 

operations, and lastly, but by no means less important, fluctuating exchange rates and their 

influence on energy commodity prices.  

Underground coal gasification (UCG) is an advanced clean coal technology and correctly 

managed it offers a breakthrough solution to the country’s energy challenges as UCG has the 

capacity to cost-effectively liberate vast domestic coal resources that currently cannot be 

economically exploited using traditional mining technologies.  

South Africa signed the Paris Agreement on climate change in 2015, which was developed 

under the auspices of the United Nations Framework Convention on Climate Change 

(UNFCCC). At the same time the country has a commitment to increasing the population’s 

access to affordable electricity. UCG arises as an economical and clean solution during a 

period of energy transition where consumers of fossil fuels are under pressure to reduce 

emissions significantly to comply with international climate change commitments. 

UCG offers a considerable degree of flexibility in terms of different types of coal and load 

design, making it the ideal gas load-following method to compliment VRE. By managing the 

gasifying agent and operational conditions, it is also possible to achieve a wide range of 

desired compositions and control the quantity of gas produced. Commercially available gas 

clean-up and chemical process systems enable the processing of any by-products produced 

during the UCG process, resulting in marketable commodities and, by the same token, 

preventing environmental pollution.  

1.1 Benefits and Advantages of UCG 

UCG has considerable environmental benefits. The syngas is generated deep underground 

inside the coal seam, while the ash in the coal mostly stays in the seam. The cold gas 

efficiency of UCG is about 80% [2], meaning that roughly 80% of the energy in the mined 

coal can theoretically be extracted as fuel in the syngas, making UCG a very efficient mining 

process. Another major advantage is that storing areas for ash, waste and discard materials 

(inevitable in the case of traditional coal processing units) are virtually non-existent with the 

use of UCG. The UCG mining system coupled with efficient power production also requires 
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much less water, and all process water is cleaned and any steam produced is reused as an 

agent in the gasification process. 

At the same time, no people are required to work underground, which offers safety benefits. 

UCG is not just more efficient and safer, but also offers the following advantages: 

1. UCG is a technology that transforms coal into gas and may be operated on an “as-

needed-basis” to become the ideal partner to VRE when utilised for load-

following and peak shaving. 

2. UCG can be combined with a large-scale combined-cycle plant to reach energy 

efficiency exceeding 55% compared to the current 35% efficiency obtained in 

sub-critical pulverised fuel boilers[3]. 

3. Gasification produces less particulate emissions, thus the process requires 

minimal ash handling, and there is little or no leaching of trace elements from ash 

when UCG is operated correctly [3]. 

4. Only one-quarter of South African coal reserves are economically and technically 

recoverable with current conventional mining methods [ 4 ]. UCG can 

economically monetise un-mineable coal that would otherwise be lost to the 

country’s economy. Pershad, et al. provides a map (see Figure 1) showing that 

UCG offers access to much more coal situated in 7 out of the 9 provinces [1] and 

therefore new distributed projects can be located in economically depressed 

areas of South Africa. 

5. UCG deployment can create new high-value jobs in the drilling, gas processing, 

and gas utilisation and maintenance industries. 

6. No chemicals are injected into the UCG process as only air (or O2) and water or 

CO2 is required for gasification and technologies for CO2 removal (for capture and 

re-use) are well matured. 

7. Fracking is not required and no fracking chemicals are injected during UCG [5]. 

8. The UCG syngas is already in a form that can be further monetised to liquid 

chemicals or fuels, or the syngas can be separated to obtain basic chemicals such 

as hydrogen, carbon monoxide, and methane. See Chapter 8. 

9. The form of sulphur present in the syngas allows for the economic recovery of 

elemental sulphur which can form part of the chemicals portfolio. This is further 

discussed in Chapters 7 and 8. 

1.2 UCG development in South Africa 

UCG is not new to SA as the government-owned power entity Eskom initiated a technology 

scanning study as far back as April 2001 [6]. By Nov 2002 they had highlighted the potential 

of clean coal technology at Majuba Colliery and then completed a pre-feasibility study by 
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December 2003. Simultaneously Sasol initiated a UCG development study lead by Johan 

Brand. A detailed site characterisation study confirmed the potential for Eskom and by July 

2005 Eskom’s research and development department launched the pilot project 

implementation with the successful commissioning of a 5 000 Nm3/hr gasifier on 20 January 

2007 and by 31 May 2007 the first electricity was generated from UCG gas [5]. 

Sasol was about two years behind Eskom but did catch up and completed a Secunda pilot 

project to final execution stage in 2008; however, the economic recession of 2008 

necessitated placing the Sasol UCG pilot project on hold. Meanwhile, the Eskom project 

initiated the construction of a 7-kilometre steel pipeline to link the gas produced with 

Majuba Unit-4 (completed in March 2010) and co-firing of UCG gas into Majuba commenced 

[5]. From a research and development perspective Eskom demonstrated the following [1]: 

1. UCG can provide cost-competitive fuel for future power generation. It can derive 
this fuel from local, unused coal resources shielded from international market 
forces. 

2. Eskom has qualitatively proven that the technology works and is able to extract 
value from one of the most geologically complex coalfields in South Africa. 

3. The Eskom Board supports the technology, but due to Eskom’s current financial 
constraints, a partner will be sought to further commercial development. 

The design for a 140 MW open-cycle gas turbine (OCGT) demonstration plant for Majuba 

was completed and the environmental application (EIA) commenced in 2015. Eskom’s UCG 

Figure 1  7 out of 9 SA provinces have coal suitable for UCG. UCG provides > 400 tcf local gas opportunity [1]. 
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indicative development indicated that a full-scale 2 100 MW project was further 

contemplated to monetise the coal that is currently left fallow at and around Majuba 

Colliery [5]. 

SA is facing an energy crisis where its net maximum generation capacity of ± 42 GW (85% 

coal-based) is characterised by an ageing fleet that underperforms environmentally against 

the new legislation. About 75% of Eskom’s capacity is outdated and set to be 

decommissioned, starting in 2020 (see Figure 2). The average energy availability factor (EAF) 

of the ageing Eskom fleet fell below 80% [7] in 2017, leaving a growing economy with almost 

zero operating margin and renewed load shedding and increased future risk thereof. Eskom 

is also set to decommission several old power stations that will have reached the end of 

their economic life in the next decade. 

 

Figure 2   South Africa is scheduled to decommission 28 GW of coal power plants by 2040 [8]. 

The decommissioning of 28 GW of coal power capacity requires the integration of up to 60% 

industrial scale VRE penetration by 2040. To compensate for variability [9] South Africa 

requires a substantial increase in energy storage or fast ramping OCGT and flexible 

combined-cycle gas turbine (CCGT) implementation (at an estimated cost of incorporation at 

an additional 0.48 R/kWh [10] above and beyond the price of power generation).  This is 

because the conventional Eskom base-load coal power stations cannot attain the quick 

ramping rates required to follow the VRE supply fluctuations. For example, Kendal power 

station ramp rate is only 16.67% per hour (15 MW per minute) [11], whereas VRE may ramp-

up or down at 200 MW per minute [12]. 

Furthermore, the country does not have an available domestic gas supply for the OCGT and 

CCGT systems as the current Mozambique import supply to the industry is already fully 

constrained [13].  It is therefore assumed that the future supply of gas will be domestic UCG, 
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with imported LNG or unproven coal bed methane (CBM) and yet to be confirmed Karoo 

shale gas [14] mentioned as a long-term gas supply alternatives [15]. 

Simultaneously with the electricity crisis, the planned upgrading of SA oil refineries to 

produce European Standards Organisation (CEN) Directive 2009/30/EC or so-called “Euro-5”-

specified fuels have been delayed until 2021, after the SA Department of Energy (DOE) 

initially set the deadline for the introduction of the Clean Fuels 2 (CF2) program for mid-2017. 

The government and petroleum industry reached a stalemate on how the refiners would be 

able to recoup the estimated US$ 4.6 billion facility upgrade cost [16]. CF2 regulations 

stipulate that sulphur levels in petrol and diesel must be kept below 10 parts per million 

(ppm) and for the old refineries it thus makes more economic sense to shut down than 

comply with CF2. 

The DOE published concerns about increases in petroleum product imports due to the 

potential shut-down of the nation’s existing refineries as the import capacity of the country 

is currently limited to 10 billion litres and any new import capacity may only be available 

from 2023, and will not provide sufficient future capacity as it will immediately be 

constrained. (See Figure 3). 

 

Figure 3  DOE forecast of impact on liquid fuel imports for implementing the CF2 program [17]. 

Increase in demand, combined with deteriorating coal quality and a looming shortage of 

imported natural gas and oil-derived fuels, have resulted in a critical energy crisis for SA. This 

is made manifest in large scale power black-outs due to rotational load-shedding by Eskom 
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[18] with devastating effects on the SA economy. The scale of infrastructure investments 

required to fill the demand shortfall is too large for Eskom and the refineries to carry alone. 

This is where Africary’s UCG projects can be a breakthrough solution for independently 

produced electricity, liquid fuels, hydrogen, and natural gas in a poly-generation 

configuration. Industrial scale Fischer-Tropsch (FT) facilities (> 160 000 bbl/day) have been 

operating for decades in SA at both Sasol with coal-to-liquid (CTL) and at PetroSA for gas-to-

liquid (GTL). Thus, the implementation of coal gasification in combination with FT 

technologies is not new to the country and its legislators. 

The same goes for the petrochemical industries, as already in 1960, ammonia, styrene, and 

butadiene became the first chemical intermediates sold by Sasol, with the ammonia also 

used to make fertilisers [19]. From 1964 on Sasol became a major player in the nitrogenous 

fertiliser market. This product range was further extended in the 1980s to include both 

phosphate- and potassium-based fertilisers. Today Sasol sells an extensive range of fertilisers 

and explosives to local and international markets and is a world leader in its low-density 

ammonium nitrate technology [17]. 

 

Figure 4  Syngas utilisation options [20]. 

Over the decades Sasol matured from being primarily a South African fuels provider into an 

integrated international energy and chemicals company with more than 200 products being 

sold worldwide. Syngas is the cornerstone from which many products can be derived (see 

Figure 4). Some of the main fuel products produced by Sasol today are diesel, petrol, 
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naphtha, illuminating paraffin, kerosene (jet fuel), liquid petroleum gas (LPG) and natural gas. 

Sasol also provides commodity sales of bulk chemicals such as olefins, alcohols, polymers, 

solvents, surfactants, co-monomers, ammonia, methanol, sulphur, bitumen, various 

phenolics and acrylates [17].  

On 24 April 2013 Mining Weekly reported [21] that former Sasol executive, Johan Brand and 

his late partner Eliphus Monkoe had bought 1.4 billion tons of coal near Theunissen, in the 

Free State. They have teamed up as African Carbon Energy (Africary) to transform coal 

mining, electricity production and coal-to-liquids in South Africa. Africary immediately 

aligned itself to take advantage of the government’s 2014 request for Independent Power 

Producers (IPP) to provide proposals for the baseload gas-IPP power supply. 

The two entrepreneurs self-funded current activities and completed a bankable feasibility 

study. on 4 July 2014 Mining Weekly reported [22] that Africary had completed engineering 

work on its 50 MW Theunissen underground coal gasification (TUCG) project which would 

use only five-million tons of coal from the possible one-billion tons of coal at its disposal. The 

TUCG project is also ideally situated to stabilise the electricity grid and it also has the added 

advantage of being close to the major 400 kV transmission lines taking power to the 

Western, Eastern and Northern Cape. 

The energy conversion process consists of mining and gasifying about 30 ton per hour of coal 

into syngas. The syngas is then scrubbed of unwanted contaminants during a gas-cleaning 

process and conditioned into a stable-quality clean fuel gas for consumption by gas engines 

designed specifically for syngas operation. The highly efficient engines are syngas rated and 

provide excellent emission levels that contain no particulate matter. The engines offer 

higher fuel efficiency than any boiler-to-steam system currently operated in South Africa and 

have an expected short construction timeline of only 12 months.  

UCG is an alternative coal mining technology that can provide South Africa with the 

tremendous incentive of abundant clean energy sources. Africary also engages and works 

together with government, industry, and academia to grow and promote understanding and 

support for the technology. 

Although the UCG industry has been around for more than 80 years, it was historically a less 

attractive alternative to low-cost oil and abundant natural gas and as such its development 

and commercialisation was severely hampered by the varying oil and gas prices. However, 

with the modern developments in directional drilling technology, UCG is now a cost-effective 

gas producing system and a real, viable alternative for South Africa with no oil and natural 

gas supplies. UCG renders previously un-exploitable resources economically feasible and 

ensures less reliance on old inefficient and polluting coal-fired boilers. UCG provides a 

domestic, stable and economical energy source for electricity generation.  
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Figure 5 Pictures of Eskom Majuba site showing pipe connection feeding syngas to the boiler. (Source-Eskom 

2010 presentation at ESI conference) [6]. 

1.3 Problem Statement and Research Objectives 

The low efficiency of conventional coal mining and pulverised fuel combustion technologies 

provide a meagre 20% utilisation of the coal potential [5]. This low utilisation coupled with 

the intensive capital and operating costs of newly built super-critical power stations 

supports the implementation of producing UCG fuel gas for power generation. 

The objectives of this body of work were to support the establishment of a UCG community, 

to address technology and regulatory shortcomings, and develop optimised processes and 

cost models whereby UCG could be commercialised in a country where there is no practical 

domestic alternative to coal. 

Furthermore, UCG offers the opportunity to implement the petrochemical derivatives for 

future expansion and returns to investors. Therefore, the specific aims of the investigation 

were to support the industrialisation of UCG in South Africa by: 

1. Creating a community to promote the production of UCG for the country – The 

SA UCG Association. (Paragraph 2.3); 

2. Researching and developing UCG mining safety and legislative issues. (Chapters 3 

to 6); 
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and by optimising of the Africary Theunissen UCG projects by: 

1. Investigating and modelling cost-efficient processes of removing contaminants 

and sulphur from syngas for power and FT. (Chapter 7 and 8). 

2. Researching and developing a process of removing and sequestering CO2 by 

exploiting the heated CO2 waste-gas as gasification agent (Chapter 6 to 8). 

3. Adopting the cost-effective use of wastewater as a gasification agent. (Chapter 8). 

4. Creating an energy and chemical mass balance model for a commercial modular 

FT system that allows production of many high-value products such as electricity, 

ultra-low sulphur diesel (ULSD), LNG and hydrogen (Chapter 8). 

1.4 Thesis Outline 

This thesis will be based on publications and will be presented in nine chapters including this 

introductory chapter. Chapter 1 will serve as the introduction to UCG technology 

implementation in South Africa, followed by background information and several chapters 

based on international presentations and full-length articles. 

Chapter 1 - serves as the introduction to gasification and deliberates the existing South 

African energy predicaments and envisions the future energy landscape and provides the 

advantages of UCG technology; 

Chapter 2 – serves as background and a literary review and presents the challenges posed 

when industrialising the technology and explains the potential advantages that Africary’s 

TUCG project would bring to South Africa; 

Chapter 3 – is an article that presents a paper on the experimental design of operating 

parameters to verify the gasification process model kinetics prior to progressing UCG to full-

scale implementation [23]; 

Chapter 4 – provides an article published in the Journal of the Southern African Institute of 

Mining and Metallurgy [24]. Africary participated in the drafting and promoting of a National 

Standard Proposal [25] and this article examines well-established groundwater monitoring 

for conventional coal mining. It proposes the incorporation additional monitoring standards 

for a commercial UCG operation in order to support the industrialisation of the technology. 

The sole focus of this standard is towards UCG groundwater monitoring and applies to water 

sampled from dedicated monitoring wells around the UCG site, which will include the 

shallow aquifer (referred to as ‘groundwater’) and water at the level of the underground 

gasifier (referred to as ‘coal water') [26]; 

Chapter 5 – provides a conference paper based on the research of operational criteria that 

are fundamental to the UCG system by scientifically testing and ranking the feasibility of 

metals and alloys for producing long-term safe and efficient UCG syngas [27]; 
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Chapter 6 – is based on work presented at the 35th Annual International Pittsburgh Coal 

Conference, in Xuzhou China [28] in 2018. It was shown that the effectiveness and carbon 

efficiency of UCG can be improved by CO2 gasification with the recycling of waste captured 

CO2 to be used as the main gasification agent to drive the Boudouard Reaction, where 

CO2 + C  2 CO above 850°C to carbon capture and sequester (CCS) the gas. The CCS 

potential of UCG was first presented in May 2017 [29], but the concept was originally 

contemplated to incorporate spontaneous combustion test procedures for designs of the 

UCG ignition process and presented in June 2015 [30] and may be summarised in future 

publications; 

Chapter 7 – is based on an article published in the Journal of the Southern African Institute 

of Mining and Metallurgy and examines and discusses novel treatment options for trace coal 

components, especially condensable water, oils, tars, inorganic trace elements and 

particulate matter that make their way to the surface via the production well and can cause 

adverse impacts on downstream processes. In this chapter, the conceptual use of vortex 

technologies for syngas purification is discussed and a novel gradient gas separation for 

future cost-effective UCG applications is shown [31]; 

Chapter 8 – consists of a full-length article published in the Clean Energy Journal [32], and 

brings together several of the technologies and finding from the previous chapters to 

provide an economic overview of a two-agent UCG process with Fischer-Tropsch (FT) based 

poly-generation; and 

Chapter 9 – provides an overall conclusion of the thesis based on the studies and research 

and development activities for UCG implementation and industrialisation in South Africa. 

1.5 Key Highlights of the different Chapters 

The following innovative processes and systems were created and developed or 

incorporated in commercial UCG plant models to enhance the environmental and economic 

feasibility of UCG and elaborated or applied in the different chapters: 

1. Exploration drilling with substantive gasification coal and strata tests; 

2. Testing and assessing different metals and materials for UCG construction; 

3. Ignition of coal studies based on spontaneous combustion test work;  

4. Water sampling and water management proposals; 

5. Cleaning and reusing dirty water with the supercritical water oxidisation system; 

6. Sulphur removal by means of a novel warm gas desulfurisation system; 

7. Comparing capturing CO2 with Amine or vortex separation systems; 

8. Modelling of a typical process network of a mining operation; 

9. Sour-Shift hydrogen production and blending for H2:CO control; 
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10. UCG Poly-generation process; 

a. utilising mining, gasification and gas treatment effluents or waste streams such as 

grey water and CO2 as gasification agents; 

b. FT 2-Stage processing with novel tail-gas management; 

c. Power generation from waste gasses. 
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2 BACKGROUND 

2.1 Overview 

Underground coal gasification is a mining process that produces synthesis gas from in situ 

coal by replacing conventional mechanical mining with a chemical mining method. UCG is an 

age old technique which has been studied or trailed in almost every country that has coal 

and even commercialised in the former Soviet Union [33, 34]. UCG can be described as an 

advanced emerging clean coal technology that offers many solutions to South Africa’s 

energy challenges. UCG is however not new to SA as the government-owned power 

monopoly Eskom initiated a technology scanning study as far back as April 2001 [6]. By 

November 2002 Eskom had highlighted the potential of the clean coal technology and 

completed a pre-feasibility study by December 2003. Simultaneously, Sasol initiated a UCG 

development study lead by Johan Brand. Sasol completed a Secunda pilot project to final 

execution stage in 2008 [23]. However, the global economic recession necessitated Sasol to 

place the UCG project on hold.  

In the previous chapter the Africary project near Theunissen in the Free State was 

introduced in paragraph 1.2, stating that over the 20 year lifespan the first 50 MW power 

project will only require five million tons (from the possible one billion tons of coal) at its 

disposal. The project has huge potential to grow to gigawatt capacity and therefore stabilise 

the 400 kV electricity grid. Amid accusations of corruption and state capture at the 

monopoly, Eskom failed by mid-2016 to sign and confirm the DOE’s IPP programme’s power 

purchase agreements (PPAs) for renewables projects. This stalemate lead to a 3-year lapse in 

the assignment of already approved IPPs [35] and delayed the gas-IPP programme (for which 

Africary targeted its UCG power option) indefinitely. This necessitated a new corporate 

strategy for 2016 and after deliberation led Africary to consider investigating CTL as an 

alternative prospect for future projects. 

In 2018 the new SA president, Cyril Ramaphosa, removed corrupt ministers and managers at 

Eskom and mandated the newly appointed Minister of Energy to complete and finalise the 

outstanding IPP agreements [36] reigniting economic growth. This has reopened the door 

for gas power options as well as poly-generation of both power and liquid fuels. 

2.2 Fundamentals of UCG 

UCG is a mining method that extracts previously stranded coal reserves in situ (‘as they sit in 

the coal seam’) through a gasification process that converts the coal into synthesis gas 

(‘syngas’). UCG takes place in deep, undisturbed coal seams, connected to the surface only 

by cement-sealed boreholes, (specially designed according to international oil and gas field 

standards (to withstand both high temperature and pressure), for the injection of air or 
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oxygen and the removal of syngas, and constructed in such a manner as to provide a leak-

proof access to the mine.  

The process is also completely sealed from the surface by the geological strata (thick rock 

layers of more than 300 meter that are permeated with non-potable groundwater). This 

creates a deeply buried system and with the interruption of the air/oxygen supply the 

gasification process will stop completely. Therefore, there is no possibility of an uncontrolled 

fire. 

 

Figure 6  Graphic representation of CRIP based UCG (not to scale). Adapted with permission from [37]. 

Coal gasification is a process that converts the hydrocarbons contained in the coal into 

carbon monoxide, hydrogen and carbon dioxide by leaving an ash residue. This is achieved in 

a high temperature (> 800°C) environment by partial oxidisation of the coal with a controlled 

amount of air and/or oxygen and/or steam. 

In a gasifier, the coal undergoes several different processes: 

1. The dehydration or drying process occurs at above 100°C. The resulting steam 

diffuses into the syngas and mixes with any injected steam to participate in 

subsequent chemical reactions, like the water-gas reaction. 

2. The pyrolysis (or devolatilisation) process occurs at around 200°C to 300°C. Volatile 

organics released from the coal produce a char, consisting mostly of pure carbon and 

ash, which will then undergo further gasification reactions. 
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3. The combustion process occurs as the volatile products and some of the char react 

endothermically with oxygen to primarily form carbon dioxide (and small amounts of 

carbon monoxide), which provides heat for the subsequent gasification reactions 

C + O2  CO2. 

4. Gasification occurs when the char reacts with steam and carbon dioxide to produce 

carbon monoxide and hydrogen, via the two gasification reactions C + H2O  H2 + CO 

and C + CO2  2 CO. 

5. The reversible water-gas shift reaction may also reach equilibrium to balance the 

concentrations of carbon monoxide, steam, carbon dioxide and hydrogen 

CO + H2O ↔ CO2 + H2. 

6. The methanation reaction occurs when carbon monoxide and steam or hydrogen 

react to form methane and water or carbon dioxide CO + 3 H2  CH4 + H2O and 

4 CO + 2 H2O  CH4 + 3 CO2. This reaction may be more prevalent in UCG reactors 

due to the longer gas residence time and the presence of ash (that may act as a 

catalyst) at high heat and pressure. 

The reactions above provide a mixture of these reactants and are collectively called “syngas”. 

Table 1 provides a general composition of UCG syngas produced with either air or oxygen 

enriched air. 

Table 1: Typical UCG syngas quality [31]. 

Component mol % Air blown O2 Enriched Air 

H2 % 12 12 

CO % 18 33 

CO2 % 14 13 

CH4 % 8 10 

C2H4-6 % 0.5 0.5 

N2 % 46 30 

O2 % 0 0 

H2O % <0.5 <0.5 

H2S + COS % <0.2 <0.3 

In essence, the UCG process injects a stoichiometric limited amount of oxygen into the coal 

seam where the surrounding rock becomes the gasification reactor. This allows some of the 

coal to be oxidised to produce steam, carbon dioxide and heat, which then drives the 

successive reactions that convert further coal to syngas. A critical aspect of UCG operations 

is the continual injection of oxygen in fresh coal due to the constant depletion of the coal by 
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the process. Historically this was accomplished by drilling copious numbers of closely spaced 

vertical boreholes into the coal and leaping from one well pair to the next as the coal gets 

consumed. This so-called “Vertically Linked Wells” resulted in a batch-approach with poor 

average quality gas and inconsistent volumes of gas production and was one of the key 

barriers to successful commercialisation. 

 

Figure 7  Example of a CRIP operated UCG injection borehole. 

Innovations in site selection with geological modelling and modern directional drilling allow 

for a Controlled Retraction Injecting Point (CRIP) method to be applied. (See Figure 6.) 

Carbon Energy demonstrated the commercial application of CRIP with parallel lateral 

boreholes [38]. The directionally drilled pattern (referenced as a production panel) allows 

for a consistent coal face partition and the progressive mining of the coal between the 

injection and production boreholes. This approach provides the greatest quantity of coal per 

well-pair and can extend for many kilometres. Modern CRIP design permits continued UCG 

operations which delivers greater consistency and a steady flow of high calorific quality gas. 

Table 2  Modern UCG with CRIP mitigates operational risks [39]. 

Production Issue Modern parallel-CRIP UCG Traditional vertical drilled UCG 

Consistent and 

continuous gas 

production 

Directionally drilled (> 1 km) 

parallel boreholes can produce for 

more than 5 years. 

Closely spaced (< 50 m) vertical 

boreholes continuously operate 

less than 3 months per reactor. 

Consistent gas 

quality 

A CRIP intervention can be 

performed as and when the gas 

quality deteriorates. 

The gas quality decreases over the 

life of the fixed reactor and the only 

way to improve gas quality is to 

move to a new reactor. 

Coal-to-gas Unilateral gas flow over a long coal The reactor has a fixed size but 
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conversion 

efficiency 

face provides for a stable 

gasification front that offers a high 

mining and production efficiency. 

constantly changes shape, which 

reduces mining and gasification 

efficiency. 

Operability CRIP provides fully automated 

production over the entire life of 

the production panel. 

Dedicated production and injection 

wells in fixed positions allows for 

long-term stable temperature 

application. 

Requires often repeated drilling 

and manual movement of injection 

and production points on surface. 

Thermal shock may damage the 

casings and create leaks. 

Subsidence Directional drilling allows cost-

effective access to very deep coal 

which eliminates risk of subsidence. 

Vertical drilling is cost prohibitive 

for deep coal and in shallow coal 

the subsidence risk is increased. 

Environmental 

Impact 

Operating the gasifier at lower than 

hydrostatic pressure ensures gas 

and groundwater containment. 

The surface impact is minimised 

and farming activities continues 

unhindered. 

Large amounts of boreholes and 

connecting surface pipe-work must 

constantly be moved and 

reconnected and may increase the 

risk of gas leaks. 

 

It is important to understand that the coal is the only source for the energy and that 

extracting energy from the coal with UCG is equivalent to conventionally mining the coal and 

gasifying it on surface and then returning the ash underground. However, the extraction 

advantage for UCG is that the process requires only a small portion (about 12% of the syngas 

produced consist of CO2) of the coal’s hydrocarbons to be combusted underground, whilst 

the rest transforms into a valuable and clean syngas with many productive uses. The 

unwanted gasification ash stays behind and does not require any future environmental 

intervention. 

2.3 Formation of the South African UCG Association (SAUCGA) 

To promote and advanced UCG R&D in the country, Africary became a founding member 

and Johan Brand a Trustee of the South Africa UCG Association [40]. Recognising the 

potential of UCG for SA, companies like Exxaro, Eskom, Sasol, Africary and several 

universities have joined forces and created the South African UCG Association to champion 

the technology and create industry standards and training schemes for UCG. It is with these 

objectives that the association will propel our energy-starved country to the forefront of 

global industry based on unconventional technology. The organisation will promote the 
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implementation of UCG technology in South-African for harnessing the energy from 

previously uneconomically deep unminable coal. 

Africary has and continues to promote the implementation of UCG in the country, firstly for 

electricity production and secondly for CTL. Several SA UCG projects have not yet reached 

financial closure, mostly because of mining policy uncertainty and the capture of Eskom as 

discussed in chapter one. However, the recent approval of 27 outstanding IPP contracts in 

2018 [ 41 ], coupled with renewed load-shedding and blackouts, provided newfound 

proactive vigour from the central government in advancing the electricity market and 

encouraging all stakeholders to positively support UCG implementation. 

The main objective of the SAUCGA for 2018 was to provide a UCG Roadmap [1] which seeks 

to consolidate and provide a consensus pathway for the development of UCG in SA (over the 

period 2016 to 2040). The Roadmap was also aligned with the South African Integrated 

Resource Development Plan of 2010 [42], the South African Coal Roadmap of 2013 [43], and 

the National Development Plan [44] published in 2012. Other key strategic documents (such 

as the South African Coal Sector Report [45], and the South African Gas Utilisation Master 

Plan [46], Integrated Energy Plan [47], and Integrated Resource Development Plan [48]) was 

considered in their draft format at the time.  

The following key principals apply to the UCG Roadmap produced by the SAUCGA: 

 UCG has a definite role to play in South Africa’s future as assessed for the period 

2016 to 2040. 

 The roadmap focuses on UCG application within South Africa but may be expanded 

to include neighbouring countries in Southern Africa. 

 The current economic, environmental and social paradigms are the basis for this 

roadmap. 

 The country needs the energy to support the growth of 6% per annum and therefore 

no significant decline in the SA market demand for electricity, liquid fuels and 

chemicals are foreseen. The focus is rather shifted towards the potential of UCG to 

support higher growth. 

The SAUCGA Roadmap contextualises UCG opportunities and challenges. It strives to address 

all stakeholders to provide a common and shared basis from which to advance 

industrialisation and support future plans for technology development. 

2.4 Country Benefits and Opportunities 

Local domestic coal is free from international currency fluctuations and commodity pricing 

and compared to LNG becomes the most competitive gas option for SA. Syngas, as opposed 

to other unconventional gas technologies, is not sensitive to foreign exchange rates or will 

not be reliant on imports. Since domestic coal and utilities are employed, UCG can be priced 



Chapter 2 - Background 

Page - 20 

in SA Rand and future price escalation can be in line with Consumer Price Inflation (CPI). 

Furthermore: 

 Local high-value jobs can be created in directional drilling, gas processing, and CCGT 

maintenance industries. 

 UCG can also promote the establishment of an entirely new energy industry that 

compares to that of Sasol (R 35 billion in 2015), subsequently providing a boost to 

the SA economy. 

 Other products essential for agricultural and local manufacturing industries, such as 

diesel, methanol, ammonia, hydrogen, LNG and urea can be produced from UCG. 

 A 500 MW UCG IGCC project can be brought into commercial operation faster than 

conventional coal mines and boilers of similar size. 

 UCG uses 90% less water than conventional coal-based mining technologies and will 

promote national water security. Furthermore, the dry cooling of IGCC uses much 

less water per kW or about 10% of the water of a conventional coal power station. 

 The Theunissen projects will be located in an economically depressed area of South 

Africa and provide a much-needed injection of capital and jobs. 

South Africa is a developing country with an economy dominated by coal to which it has no 

other practical short to medium term alternative as a domestic baseload option. UCG is the 

only clean and efficient technology that will allow SA to continue its economic prosperity by 

utilising its own abundant domestic resources in an environmentally sound and efficient way. 

2.5 Advantages of UCG over Conventional Coal or Natural Gas 

South Africa has no gas resource worth mentioning available and has therefore relied on the 

gasification of coal to provide syngas to industry. Other than planning-stage LNG imports or 

the future expansion of the Sasol Gas import pipeline, Karoo shale gas is the most promising 

large gas prospect in SA. Shale gas is, however, speculative and associated with fracking, 

chemical injection, flaring and an adverse impact on the water table.  Other advantages of 

UCG over the alternatives are: 

1. UCG mines stranded coal by converting it into a gas, which can be used for 

industrial heating, power generation or the manufacture of fertiliser, synthetic 

natural gas or diesel fuel. 

2. The UCG process avoids the requirement for traditional coal mining, coal handling 

and transportation, the surface gasifier equipment and then the transportation as 

well as disposal of ash with cost, labour and environmental benefits. 

3. UCG projects have a quick construction time with a typical project turnaround of 24 

months from financial close. 
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4. UCG has synergies with conventional mining as it can make use of stranded coal 

that would not otherwise be mined.   

5. The strategic benefit of avoiding the dollar-linked cost of imported gas. 

6. No fracking is required for UCG and no toxic chemicals are used for producing gas. 

7. UCG has a minimal impact on the water table compared to CBM and shale gas 

where groundwater has to be abstracted for gas to be produced. 

8. Agriculture: UCG has several advantages over other mining methods like open cast 

mining and shaft mining as this process can be performed with boreholes without 

disturbing the land above the mine. During operations the technology further 

improves land use by not requiring any surface ash dumps and using much less 

water.   

9. It does not need heavy transport equipment, noisy conveyor systems or the 

trucking of coal loads on national roads. And unlike open cast coal mining there are 

no blasting operations, no dust, no stockpiling and it does not require the removal, 

pumping and storage of groundwater and therefore has far fewer rehabilitation 

requirements. 

2.6 The role of African Carbon Energy 

Africary was formed in 2009 as a junior coal mining company to produce syngas from a 

stranded deep coal deposit in the Free State to supply an independent power producer or 

CTL plant. During the 31st International Pittsburgh Coal Conference, October 2014 Johan 

Brand presented [49] to the audience the following graphic: 

 

Figure 8  UCG – Bringing a Resource, Technology and Economics together for a 50 MW UCG power station in 

South Africa. [50]. 
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It is clear in the graphic that Africary has a “project overlap” as the company has a proven 

resource that is well studied, in combination with suitably developed UCG technology that 

can supply cost-effective electricity and liquid fuels to the South African market. It was 

further stated during the conference that divestment from coal in SA does not recognise the 

reality of the growing energy demand of a fast-urbanising population. Coal is an easily 

accessible, reliable source and the most affordable baseload energy option for SA. 

However, the role of environmentally friendly technology, and specifically the application of 

efficient and clean fossil fuel technologies, is a key requirement for future investment. 

Worldwide implementation of clean coal technology, like UCG in combination with highly 

efficient CCGTs, can save 2 billion tons of CO2 annually by raising the global average 

efficiency of coal plants by a mere 6% from 34% to 40% [51].UCG is the obvious solution for 

clean coal implementation because: 

 Due to efficiency increases it makes 25% less CO2 per MWh and in large-scale 

combined-cycle mode can reach energy efficiencies of up to 60% versus the current 

average global efficiency rate of coal-fired power plants of 33% [52]. 

 There is 90% less water usage. 

 It has no particulate emissions or ash handling and little or no leaching of trace 

elements from ash when operated correctly. 

 Less sulphur and heavy metals are released or emitted. 

 It can monetise economically un-minable coal (less than 26% of SA coal reserves are 

economically / technically recoverable with conventional mining). 

 Deployment can create new high-value jobs. 

 UCG projects can be located in economically depressed areas. 

 No chemicals are used underground - only air and water are required. 

The Africary UCG projects will support the implementation of community upliftment, with a 

social and labour plan combined with skills development through local economic 

development initiatives. The implementation of the first 50 MW electricity generation 

followed by IGCC of up to 2 000 MW is estimated to provide jobs for about 1 773 directly 

employed personnel during construction. The project area straddles three local 

municipalities and based on the 2011 census data estimate that 26% of people in the 

community have not received any formal schooling, with only 16.3% completing high school 

level Grade 12 and only 5.8% completing a higher education course.  

Mining still dominates the local economic scene by contributing 58% of the GDP of the 

district and 19% of the province. Recently there has been an economic downturn within the 

mining sector, especially in the gold mining sector. Most of the retrenched labourers remain 

in the region, adding to the social problems associated with declining economic conditions. 
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The UCG projects may potentially utilise the services of hundreds of local service providers 

including the following: 

 emergency services (ambulance and firefighting) 

 clinics 

 catering and food facilities 

 accommodation 

 transport, including taxis 

 fuel supply 

 water supply agreements 

 engineering and maintenance support  

Africary has negotiated agreements to increase the local manufacturing of many of the 

plants and their auxiliary units to employ locals for labour and maintenance. The power 

projects may also be integrated with a chemical stream, as the UCG syngas and the oxygen 

plant’s (ASU) discard nitrogen could be appropriated as feedstock for ammonia and urea 

production. Methanol production is another opportunity for UCG as the process of 

synthesising methanol requires H2 and CO2 as feedstock and this may become a sink for a 

substantial volume of CO2. 

2.7 Africary UCG Coal Resource 

Coal characteristics and geology are the given inputs for a UCG technical and economic 

evaluation, and thus the most important factors to consider when matching the gasification 

technology to the coal resource. More specifically, the coal geological conditions become 

the scientific building block for developing a UCG project. 

The underground gasification process mines the coal chemically, by constructing at least two 

boreholes from the surface horizontally into the coal seam (where one borehole is used to 

inject air/oxygen to convert the coal into syngas and another to bring the syngas to surface). 

The Theunissen resource comprises of low-grade coal, with high ash content, as typically 

found in the Free State coalfields of South Africa [53].  

The company’s vision is to maintain and grow the Theunissen UCG mine on the Palmietkuil 

farm into an established producer of syngas for an increasing number of gas customers. The 

mission of Africary is to present itself as producer of a stable quantity and high-quality 

syngas, based on its propriety UCG technology and vast coal resource.  

Seam 3 is the most widely distributed and economically significant developed at Theunissen, 

and also the most suitable for UCG, with an average thickness of 3.2 m (up to >5 m) and a 

depth ranging from 345 to 385 m below surface in the project area, where both the coal 

quality and geological conditions are excellent for UCG. The in-situ calorific value average is 
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20.3 MJ/kg, average volatile matter content is 19.2% and the average ash content is 30.8% 

(on an air-dried basis). 

Successful UCG demands a thorough understanding of the resource and surrounding strata.  

To provide this understanding the following Theunissen studies have been implemented: 

1. Exploration drilling for proven and measured coal reserves, thereby statistically 

quantifying the quality of the coal targeted for UCG. 

2. 3D Electro-seismic study in support of geological results.  The study could 

pinpoint the two shallow aquifer systems at 20 m and 40 m as well provide the 

permeability and hydraulic conductivity values of the strata. 

3. A study to understand the impact of gasification operation parameters and CO2 

reactivity of the coal. 

4. A study of the spontaneous combustion (SPONCOM™ test) characteristics of the 

coal and indication of the optimum ignition regime and relative ignition 

temperature. 

5. Completion of the geophysical study provides support for the minimum and 

maximum width of a UCG cavity and management of the immediate roof collapse 

to prevent subsidence. 

6. Inorganic mineral transformation and gasifier operation with a FACT™ Thermo-

equilibrium simulation. 

7. Detail coal characteristics to provide an in-depth scientific understanding of the 

project’s gasification behaviour and curb the environmental footprint. 

Theunissen is arguably one of the largest known coal resources in the Free State province 

and has been earmarked for development since 1971 [54]. It has SAMREC compliant inferred 

resources of 1.4 billion tons of coal and the project has completed further exploration 

drilling of 3.7 million tons in 2013 to a measured status. A measured coal resource is that 

part of a coal resource for which tonnage, densities, shape, physical characteristics, and coal 

quality can be estimated with a very high level of confidence. It is based on detailed and 

reliable exploration, sampling and testing information gathered through core drilled 

boreholes. The locations are spaced closely enough (at least one borehole per 300 m radius) 

to confirm both physical and quality continuity.  

The Theunissen measured coal is enough to fuel a 200 MW power station for 5 years. 

Obviously, a vast amount of coal remains in the reserve and can be utilised for many other 

syngas-related projects. It is estimated that the project pipeline can quickly be extended to 

add 150 MW as ‘carbon copies’ of the first 50 MW.   
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Figure 9:  The TUCG project area (in red = 200 ha or 2 km
2
) indicated on the farm Palmietkuil and shown relative 

to the full extent (330 km
2
) of Africary’s coal mining rights. 

Africary will in the future be instituting a follow-up exploration programme with more infill 

drilling on the remaining 27.3 million tonnes (see Figure 9) to convert this to a measured 

resource. 

Table 3:  Resource Statement for Palmietkuil 584 [54]. 

Block Area (ha) Gross Tons In-Situ SAMREC 

South01 43.5 2 757 943 Measured 

South01 12.8 317 934 Inferred 

South02 3 221 606 Inferred 

South03 2 355 282 Measured 

South03  225.3 12 022 152 Inferred 

North01 8.1 610 723 Measured 

North01  57.2 2 785 106 Inferred 

North02 105.9 5 207 513 Inferred 

West01 223.4 6 793 173 Inferred 

Total Measured 53.6 3 723 948   

Total Inferred  27 347 485   
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2.8 UCG Concerns 

The main concerns with UCG are the possibility of subsidence and groundwater pollution. 

Often mentioned cases of failed UCG projects are the shallow attempts at Hoe Creek (1976 

to 1979) in the USA [55], and Linc Energy in Australia. Hoe Creek operated at a meagre 

39 meters below the surface and both subsidence and groundwater pollution occurred after 

an 11 meter cavity formed and collapsed forming a chimney to the surface. Fortunately, the 

trial was followed by DOE managed site remediation that led to a clean audit [56] proving 

that UCG damage can be corrected when it occurs.  

Subsidence and overpressure are easily avoided by targeting deep-lying coal seams (> 200 m) 

as the risk of subsidence occurrence decreases exponentially with depth. The higher 

hydrostatic pressure also provides an effective water seal around the chamber and sufficient 

back pressure to avoid over-pressurising and possible deep groundwater pollution. It is 

important to note that the water found in and around a deep coal seam is not potable and is 

avoided for irrigation or human use as it most likely may contain organic and metal 

contaminants from the coal seam. 

 

Figure 10: Risk of UCG subsidence becomes almost null at 120 m depth. Adapted from: Viability of UCG with CCS 

in Indiana. [57]. 

The other sites are in Queensland Australia where Linc Energy’s fourth generation UCG panel, 

(at 120 meters below the surface [58]) may have been over-pressured and that may have 

resulted in groundwater pollution with trace amounts of phenolics. An Independent 

Scientific Panel (ISP) provided advice to the Queensland government on the UCG trials and 

has come to the following overall conclusions regarding subsidence and groundwater 

impacts [59]: 

 UCG could and has been responsibly conducted and in a manner that is acceptable 

socially and environmentally safe and when compared to a wide range of other 

existing resource-using activities it is by far the safest mining method. 
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 The importance of water and the environmental impact that specific operations may 

have on groundwater necessitate that standardised monitoring and rehabilitation 

programmes be adopted and implemented. 

2.9 UCG Opportunity for Africary as Project Developer 

UCG can provide competitive electricity from coal, with limited environmental impact and 

reduced operational risk as modern power generation is specifically designed to run on 

syngas with diesel, LPG or LNG as back-up fuel. The SA Minister of Energy has indicated that 

the gas bid will be up to 3,126 MW capacity and Africary’s project size and future growth 

opportunities will fit comfortably within these parameters. 

Africary’s immediate strategy is to establish itself as a UCG mining company which provides 

syngas as fuel to off-takers. The initial operation of a 50 MW commercial demonstration 

power plant by 2021 will give a decisive strategic advantage when growing to large-scale 

power generation.  The company’s medium-term strategy is to ramp-up production of 

syngas and to expand the power plant by bidding in subsequent rounds for new large-scale 

projects in multiples of 500 MW and up to 2,000 MW by 2028. However, there is also an 

opportunity to provide growth through CTL plants. 

2.9.1  Overview of 50 MW commercial demonstration 

This project has already drawn significant investment from Africary to obtain the coal 

resource, engineering designs, environmental applications and all required permits, 

including the land access and a commitment from local banks and construction companies 

to build and operate the power station. Africary’s first project already has the following 

approvals and permits: environmental authorisation, air emissions licence, mining 

application, and waste management licence [60].  132 kV grid connection capacities are 

available only 8 km (as the crow flies) from the site and the substation has available spare 

capacity up to 280 MW. Eskom’s mandatory capacity study to connect to the 132 kV grid 

was completed in 2014 and includes quotes to implement the high voltage overhead line, 

substations and servitudes. 

Reciprocating engines can be a substitute for gas turbines due to their higher efficiency, low 

water requirement, fuel flexibility and fuel variation tolerance. These engines offer 

operational flexibility and integration options and the ability to maintain a low heat rate at 

partial load and, most importantly for the Theunissen site, gas engines are unaffected by 

altitude. Africary plans to use 31 engines of at least 2 MW per engine for the first project. 

The total project cost for the 50 MW (nett) power station, including mining and gas 

management, will be about R 2.7 billion and can be operational within 12 months. The 

target electricity tariff will be between R 1.20/kWh and R 1.60/kWh. 



Chapter 2 - Background 

Page - 28 

2.9.2 Overview of 2 000 bbl/day concept study 

Africary completed a concept study for integrating its UCG technology with a mini-GTL 

system. Syngas will be used for power production and synthesis of liquid fuels in a unique 

poly-generation configuration [32]. The process will consist of two parallel gasifiers, 

operated on different agents, making the Theunissen UCG, CTL and power generation tightly 

linked and interdependent, but reducing both cost and emissions. 

UCG offers an alternative: a lower capital investment to conventional underground mining 

and surface gasification due to the removal of the surface gasifier and coal mine operations. 

The gas clean-up systems will remove undesirable components from each gasifier and blend 

the cleaned syngas for H2:CO ratio control and provide the implementation of carbon 

capture and sequestration (CCS). The 2017 Africary Concept Study has minimised the 

complexity and optimised the process flow to provide own use electricity and about 

4 000 bbl/day equivalent fuels (about 2 000 bbl/day diesel plus 200 ton/day LNG) at a capital 

cost estimate of about $ 350 million and operating cost of around 28 $/bbl. 

2.9.3 Overview of 500 MW IGCC system 

Africary has planned for a mining layout for the expansion of sufficient gas production for 

the operation of its first 500 MW (gross) Integrated Gasification Combined Cycle power plant.  

Future grid balancing and reduce transmission losses are foreseen when connecting to the 

Theseus substation that connects Mpumalanga with the Western Cape Province via several 

400 kV and 700 kV transmission lines. The total project cost of 500 MW (nett) including 

mining, gas management and IGCC plant will be about R 15 billion and can be operational 

within 24 months. The target electricity tariff will be between R 1.10/kWh and R 1.20/kWh. 

 

Figure 11 Graphic layout of the proposed Theunissen UCG - IGCC System. 
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3 UCG PILOT STUDY IN SECUNDA SOUTH AFRICA - THE EXPERIMENTAL DESIGN 

AND OPERATING PARAMETERS FOR THE DEMONSTRATION OF THE UCG 

TECHNOLOGY AND VERIFICATION OF MODELS 

 

Author: J.F. Brand 

Conference paper presented at the 25th Annual International Pittsburgh Coal Conference in 

2008. 

Summary  

Sasol Mining (Pty) Ltd, the mining division of Sasol Ltd, has been mining coal with 

conventional mining methods such as opencast and underground board-and-pillar, as well 

as longwalls; at its Secunda (South Africa) complex since 1976. To ensure the optimum 

consumption of the coal reserve, Sasol Synfuels and Sasol Mining are continuously 

investigating alternative options.  

Sasol intended to test UCG as an alternative mining method to be applied in the mining of 

its stranded coal. It was estimated that about 66% of the Secunda coal resource will not be 

recoverable by conventional methods. The gas produced from UCG can be used as 

feedstock in chemical production or as fuel for power generation, thus exploiting coal 

reserves that cannot be mined economically or with conventional underground mining 

methods.  

In a previously unpublished study by Sasol a UCG process model was completed by Sasol 

R&D and calibrated with the Rocky Mountain experimental results. A UCG business model 

was developed to understand the cost and interpret operational integration of the UCG 

technology into a CTL process indicating the value of implementing a UCG pilot operation at 

Secunda.  

The value of this paper and the UCG demonstration proposed lies in the extraction of 

stranded coal with the cost savings of utilities supplied by the existing facilities and the 

future monetisation by different gas application options. 
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4  GROUNDWATER MONITORING DURING UNDERGROUND COAL GASIFICATION 

Authors: JC van Dyk, JF Brand, CA Strydom and FB Waanders 

Journal of the Southern African Institute of Mining and Metallurgy. October 2018, 118(10) p. 

1021-1028. 

 

Summary 

Underground coal gasification (UCG) is a fast-emerging, in situ mining technology that 

provides access to low-cost energy through the utilisation of coal reserves that are currently 

not technically or economically exploitable by conventional mining methods. Groundwater 

monitoring for conventional coal mining in South Africa is well established, with SANS, ASTM, 

and ISO standards for the specific environment, location, and purposes. South Africa’s 

groundwater is a critical resource that provides environmental benefits and contributes to 

the well-being of the citizens and economic growth. Groundwater supplies the drinking 

water needs of large portions of the population, and in some rural areas, it represents the 

only source of water for domestic use. Implementation of, and adherence to, groundwater 

monitoring standards are thus non-negotiable. 

This paper proposes a fit-for-purpose groundwater monitoring standard for a commercial 

UCG operation. It is important to proactively prevent or minimise potential impacts on 

groundwater through long-term protection and monitoring plans. 

Africary has participated in the drafting and promoting of a National Standard Proposal [25] 

to emphasise groundwater monitoring as one of the five strategies of the ‘Policy and 

Strategy for Groundwater Quality Management in South Africa’ (Department of Water 

Affairs and Forestry, 2000) and to align it with the National Water Act, Act no. 36 of 1998 

(Republic of South Africa, 1998). The focus of this standard was directed solely towards 

groundwater monitoring during UCG. Groundwater in this context refers to water as 

sampled from dedicated monitoring wells around the targeted site, which will include the 

shallow aquifer referred to as groundwater, and water found at the level of the 

underground gasifier referred to as ‘coal water’ [26]. 

In summary, it is proposed that: 

1. Baseline groundwater quality to be measured and monitored on a continuous basis. 

2. SANS 241-1 to be used as a standard to compare to the baseline quantity. 

3. Minimum limits to be determined between a combination of (1) and (2) above and 

the specification to be set at the determined quality values.  
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5 CORROSION TESTING OF STEEL FOR PRODUCTION AND INJECTION WELL 

APPLICATIONS IN A UCG PROCESS 

 

Authors: JC van Dyk, JF Brand, FB Waanders, AC van Wyk and CJ Kahts 

33rd Annual International Pittsburgh Coal Conference: Coal - Energy, Environment and 

Sustainable Development, PCC-2016, Volume 2016.  August 2016. 

 

Summary  

Various chemical reactions, temperatures, pressures and gas compositions exist at different 

locations within a UCG gasifier, and in the injection and production wells. The injection and 

production boreholes are exposed for their entire operational life to a mixture of gas 

atmospheres, in the presence of varying temperature gradients. This can create a highly 

corrosive environment that may erode the borehole lining (casing), resulting in cracks and 

forming metal oxide shavings. Selection of the correct material is central to overall process 

safety, economy and efficiency. 

Table 4: Sample qualities. 

The overall objective in this study was to expose a number of 

steel and alloy types to experimentally simulated UCG 

environments and conditions in order to determine the most 

suitable metal type for the production equipment. A 

secondary goal was to fit the experimental data to a 

corrosion rate model to determine the corrosion and safety 

limits for the UCG plant. Data with significant correlation 

coefficients for predictable corrosion rate calculations were obtained and used for 

predicting the optimal metal thickness for components. 

The gaseous and temperature specific environments for an TUCG injection borehole were 

selected and seven casing samples were exposed to general corrosion attack. The metal loss 

and corrosion rate were tested with weight loss analysis by periodically removing the 

samples from the corrosive environments, cleaning and weighing them before placing them 

back for the rest of the experiment’s duration. 

In general, all runs displayed comparatively steady corrosion rates. SEM imaging was used to 

confirm the type of corrosion observed and determine the oxidation products present on 

the surface of the corrosion coupons. The results obtained in this study provided the 

selection of the final steel/alloy types and indicated which steel types should be used in 

which part of the UCG process.  

SAMPLE GRADE 

1 13CR80 

2 P-110 

3 110-SS 

4 K-55 

5 N80Q 

6 P-110 

7 SS-316L 
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6 APPLYING SPONTANEOUS ADIABATIC TEST PROCEDURE TO DETERMINE CO2 

GASIFICATION REACTIVITY AND KINETICS OF COAL UCG APPLICATIONS 

Authors: JC van Dyk, JF Brand and FB Waanders 

35th Annual International Pittsburgh Coal Conference, Xuzhou, China. 15-18 October 2018. 

Summary 

The CCS potential of UCG was presented an updated paper in May 2017 for the efficient in-

situ CO2 capture and conversion at the 8th International Conference on Clean Coal 

Technologies (IEA) [29], but the concept was originally presented at the 7th International 

Freiberg/Inner Mongolia Conference on IGCC & XtL Technologies, Coal Conversion and 

Syngas in June 2015 [30] with the focus on spontaneous combustion and its impact on the 

UCG ignition process.  The R70 testing established the intrinsic spontaneous combustion 

reactivity and Relative Ignition Temperature (RIT) of the coal samples at 130-140°C, which 

give an indication of heat input required to start the UCG ignition. The tests showed that 

with ample continuous supply of oxygen (air), elevated temperature conditions (> 140°C) 

and minimal heat dissipation, coal from TUCG will reach thermal runaway within two days. 

The presentations (added for background) and the test procedures applied became a segue 

into the adiabatic test work for CO2 sequestration provided in the presentation. The 

effectiveness and carbon efficiency of UCG can be improved by applying CO2 

gasification/recycling waste captured CO2 as gasification agent (replacing part of the oxygen 

and steam as gasification agent), resulting in an optimised operation. The most important 

reaction during the gasification process is the reduction process, (also known as the 

Boudouard Reaction, where CO2 is converted to CO (above 850°C).  

Advantages of CO2 gasification at higher temperatures may include, but are not limited to:  

 In situ CO2 capture on active mineral components in the roof and floor rocks and the 

coal seam with Ca and Mg, to form carbonates. 

 CO2 reduction of 43% and 29% in the syngas equivalent ratio.  

 A reduction of a minimum of 22% in situ coal to produce the same amount of syngas. 

 Lowering the operating temperature of the syngas production and surface outlet 

temperature.    

 A higher heating value gas, containing less nitrogen (9%) and inert substances. 

The outcome of this study was to determine the minimum O2 addition and minimum CO2 

temperature (350°C) for attaining effective Boudouard Reaction and should lead to future 

publications by the authors.   
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7 CONCEPTUAL USE OF VORTEX TECHNOLOGIES FOR SYNGAS PURIFICATION AND 

SEPARATION IN UCG APPLICATIONS 

Author: JF Brand, JC van Dyk and FB Waanders 

Journal of the Southern African Institute of Mining and Metallurgy, October 2018, 118(10) p. 

1029-1039. 

Summary 

Syngas from Africary’s Theunissen underground coal gasification (UCG) project will be used 

for power production and synthesis of liquid fuels and commodity chemicals. However, 

some of the coal components, especially condensable water, oils, tars, inorganic trace 

elements, and a small fraction of fly ash and particulate matter, make their way to the 

surface via the production well and can cause adverse impacts on downstream processes.  

Other impurities in gasification feedstock, especially different kinds of sulphur species, 

nitrogen compounds, halogens like chlorine, and inorganic mineral matter like mercury 

entrained in the syngas may also have negative downstream implications.  Africary’s 

standard gas clean-up design incorporates relatively mature techniques and effective wet 

scrubbers and Acid Gas Removal (AGR) systems such as Rectisol®, Selexol® or aMDEA®, but 

with the downside of low energy efficiency and wastewater generation. 

High-temperature syngas cleaning has been the focus of research decades, but a 

scientifically proven and tested technology has not been commercialised yet. Although 

noteworthy improvements were achieved with candle filters, these conventional warm gas 

cleaning technologies have fundamental limitations to improvement, due to the intrinsic 

material properties that lead to unacceptable availability. 

UCG produce syngas that is both hot and at pressure, ideal for gas turbine power generation 

or FT. The preservation of both temperature and pressure during syngas clean-up can 

greatly enhance the efficiency of the overall system. Based on hydrostatic pressure 

modelling the syngas production pressure designed for Africary’s Theunissen UCG (TUCG) 

project is 25 times atmospheric pressure and will reach the surface with a target 

temperature of between 250 to 350°C. 

In this study, the aim is to address fundamental limitations and practical constraints of the 

existing hot particulate removal technologies for removing contaminants and species 

separation from the hot (T > 300°C) raw syngas. Comparisons are made between supersonic 

gas separation, Ranque–Hilsch vortex tube, vortex gradient separation, and inertia vacuum 

filtering, and a vortex-based gas separation concept is proposed for UCG applications.  

Next-steps and future work includes the modelling, design and experimental testing of a 

vortex gradient separator for both particulate filtering and gas separation efficiency.  
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8  ECONOMIC OVERVIEW OF A TWO-AGENT PROCESS FOR UNDERGROUND COAL 

GASIFICATION WITH FISCHER–TROPSCH BASED POLY-GENERATION. 

 

Author: J Brand, JC van Dyk and FB Waanders 

Clean Energy Journal, Volume 3, Issue 1, March 2019, Pages 34–46. 

 

Summary 

Underground Coal Gasification (UCG) is a mining-gasification process that produces 

synthesis gas from in situ coal by injecting air (or oxygen and steam) and extracting the 

produced gas via boreholes. The resulting synthesis gas (‘syngas’) produced by UCG can be 

used directly as a fuel-gas or deep-cleaned to produce many other products like chemicals, 

liquid fuels, hydrogen and synthetic natural gas. UCG has significant environmental, safety 

and practical advantages over conventional coal mining and utilisation, foremost being cost 

and emissions reductions.  

Facilities of an industrial-scale Fischer–Tropsch (FT) process have been operating in South 

Africa for decades on coal-to-liquid and gas-to-liquid conversion. Oxygen-blown UCG 

produces syngas, which contains a mixture of carbon monoxide (CO) and hydrogen, and 

these molecules can be conditioned to serve as feed for synthetic-crude-oil (‘syncrude’) 

conversion technologies based on the FT process.  

African Carbon Energy (Pty) Ltd. (Africary) completed a study integrating its UCG technology 

with a mini gas-to-liquids plant. Syngas from Africary’s Theunissen Underground Coal 

Gasification (TUCG) project will be used for power production and synthesis of liquid fuels in 

a unique poly-generation configuration. The TUCG process will consist of two parallel 

gasifiers, operated on different agents, making the component parts of UCG and CTL tightly 

linked and interdependent, but reducing both cost and emissions.  

UCG offers a lower capital investment to conventional underground mining and surface 

gasification due to the removal of the surface gasifier and coal-mine operations. The gas 

clean-up systems will remove undesirable components from each gasifier and blend the 

cleaned syngas for H2:CO ratio control and provide the implementation of carbon capture 

and sequestration. This study has minimised the complexity and optimised the process flow 

to provide own-use electricity and about 2 000 barrels/day fuels and 200 ton/day LNG at a 

capital cost estimate (2017) of about $ 350 million and operating cost of around 28 $/barrel. 
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9 CONCLUSION 

South Africa is in the midst of an electricity crisis. A few years ago, Eskom was faced with the 

choice between spending money on maintenance of old power plants or to divert 

maintenance funds to the new build Medupi and Kusile projects to bringing them online 

sooner. Eskom decided on the latter, because if all the new units were operating optimally 

they would add 9 600 MW of electricity to the grid and relieve supply pressure that will allow 

it to decommission dirty and old power stations which are expensive to run and maintain. 

But widespread corruption, theft, and mismanagement have seen the cost to build Medupi 

and Kusile increase by more than R 300 billion, and a decade after project kicked-off in 2009 

only three units at Medupi and one unit at Kusile are in commercial service [61] and each 

producing only 600 rather than 800 MW each, with an energy availability factor of around 

50%. This places Eskom is in a tough spot as the older plants now need to run optimally, but 

they have not been maintained properly for years because funds were focused on Medupi 

and Kusile. 

Other long-term energy security challenges for South Africa include:  

 Age of Sasol and PetroSA’s CTL facilities and high cost of imported liquid fuels based 

on fluctuating exchange rates and high energy commodity prices; 

 Dwindling local gas and coal supply; 

 Energy access and affordability for the growing population;  

 Mounting environmental concerns (especially with coal and nuclear energy 

generation);  

 Balancing the electricity grid whilst incorporating an increasing proportion of variable 

renewable energy sources;  

 Mounting environmental liabilities caused by defunct mining operations.  

9.1 Commercialisation of UCG 

UCG as an opportunity arose during a period of energy transition in South Africa, where 

consumers of fossil fuels are under pressure to reduce emissions significantly and at the 

same time the country has a commitment to increasing the population’s access to affordable 

energy. Correctly managed, underground coal gasification is an advanced clean coal 

technology that offers huge potential solutions for the country’s challenges, as it has the 

capacity to cost-effectively and cleanly liberate vast coal resources in the country that 

currently cannot be economically exploited using traditional mining technologies. UCG offers 

a considerable degree of flexibility making it the ideal gas load-following method to 

complement variable renewable energy. 

For more than a decade, the promotion of UCG research and implementation of projects 

helped to establish several fundamental foundations for future industrialisation in SA. 
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Starting at Sasol Mining in 2006, several studies were initiated to describe and design the 

possible implementation of projects and to progress UCG to a full-scale implementation. An 

experimental UCG design with various operating parameters verified the gasification model 

kinetics. 

Numerous studies praise UCG as an environmentally safe mining method. Furthermore, the 

2008 Sasol presentation showed that UCG will improve the economic viability of future CTL 

as this novel gasification method will beat the limitations of conventional mining and surface 

gasification, and open doors to new opportunities. UCG is a proven technology with 

manageable product properties and environmental performance. UCG is a natural 

technology choice for incorporation into FT to provide a viable alternative to crude oil. 

This thesis presented the challenges faced to industrialise the technology in general and 

explain the history of UCG development in SA and potential advantages that Africary’s 

Theunissen underground coal gasification project.  From a national view, the formation of 

the SAUCGA was critical.  This non-profit organisation has played a vital role in bringing the 

major industry players together in combining efforts to promote the technology and to 

jointly address legalities, policy requirements and any government involvement to grow the 

industry. The association also provides a service to the public by supporting university 

research and development activities and engaging the public and any interested or affected 

parties in annual conferences. 

Another aspect that was addressed for local implementation was the management of 

groundwater during UCG and to support the industrialisation of the technology and the 

incorporation of internationally and peer-reviewed fit-for-purpose groundwater monitoring 

standards for a commercial UCG operation was documented. 

The importance of water and the environmental impact that specific operations may have 

on groundwater necessitate that standardised monitoring and rehabilitation programmes be 

adopted. The UCG plant operation, however, has to be performed in an environmentally 

responsible manner. In SA, shallow groundwater (borehole-water) is potable and can be 

consumed by humans and livestock without treatment. Thus, as it is from a natural source, 

groundwater cannot adhere directly to the specifications of SANS 241-1, and therefore the 

study recommends that any changes in water quality due to UCG activities must not lower 

the quality to below the minimum standard stipulated in SANS 241-1 standard. The SANS 

standard is specifically cited to incorporate a standard with tighter restrictions.  

There are only a few chemical species in water that can lead to health problems as a result 

of a single exposure. Moreover, experience shows that in many, but not all single exposures, 

the water becomes undrinkable due to unacceptable taste, odour, and appearance. Some 

chemicals that cause adverse health effects include fluoride, arsenic, phenols, benzenes, and 

nitrate compounds. These chemical substances should be taken into consideration as part of 
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any risk assessment process and the methods of analysis should apply the limit of 

quantification and to the required accuracy and precision set by SANS 241 (SABS, 2016). 

The body of work proposes that: 

 UCG groundwater sampling is conducted according to current SANS or ISO standards 

and laboratory quality control be conducted according to the ISO 17025:2005 

standard. 

 Groundwater monitoring properties must be measured at each monitoring well 

(sentinel and compliance wells) in the surface aquifer and the coal water, with 

laboratory quality control adhered to ISO 17025:2005. 

 UCG baseline groundwater quality must be monitored on a continuous basis. 

 SANS 241-1 was provided as standard for baseline quantity comparison. 

 Minimum limits should be determined before UCG initiation and baseline values will 

be set as the site water standard. 

 The drinking water parameters shall comply with the physical, aesthetic and chemical 

limits, as specified according to SANS 241-1. 

Another fundamental challenge faced by UCG designers was the correct choice of 

operational criteria of materials for producing long-term safe and efficient UCG syngas. 

Syngas can be highly acidic and could quickly erode poorly designed infrastructure. 

Corrosion rates were successfully determined for various metals earmarked for different 

UCG applications applicable to the gaseous corrosion environments provided for at the 

Theunissen UCG site. 

Data with significant correlation coefficients for predictable corrosion rate calculations was 

determined and as applied to obtain suitable operating parameters for production and 

injection applications. The optimal metal thickness for components can be predicted and 

therefore this work will minimise maintenance time and reduce plant shut-downs or failures 

due to borehole failures caused by corrosion. 

The study will mitigate environmental risks by using the best metals in each of the different 

UCG applications thereby minimising the possibility of gas leakages and this should negate 

any economic loss due to casing failures.  

Coal ignition can be achieved through a number of processes of which an electric heating 

coil/element or gas burner is most commonly used. Understanding the thermochemical 

properties of the coal is critical to effectively and efficiently operate a UCG process. In 

previous work, Adiabatic R70 and SponComSIM™ tests were newly applied (usually these 

tests are applied as a precautionary measure to prevent coal fires on stockpiles or during 

transport) to find the optimal ignition conditions (temperature, duration, self-heating) at 

which the coal has to be operated during UCG start-up. 



Chapter 9 - Conclusion 

Page - 122 

The R70 self-heating rate is the time taken for the coal temperature to reach 70°C from an 

initial temperature of 40°C (average self-heating rate calculated due to adiabatic oxidations). 

The intrinsic spontaneous combustion reactivity analysis showed that TUCG coal is highly 

reactive towards an oxidation environment and could be easily ignited. 

Exposing the coal to higher initiating temperatures would speed up the time to self-ignition 

as there is a non-Arrhenius kinetics region that exists at low ambient temperatures during 

coal self-heating. At initiation temperatures above 150°C, the Arrhenius kinetics would 

promote a reaction rate doubling effect for every 10°C rise in temperature. Conversely, 

thermal runaway to ignition can also be delayed by the presence of >10% moisture in the 

coal. 

The following results have been scientifically obtained: 

 R70 self-heating rates from 4.2 to 4.6 °C/minute and consistent with the coal rank 

and type.  

 High intrinsic spontaneous combustion reactivity and propensity rating. The self-

heating is an important factor for initiating UCG reactions in the Theunissen coal 

source. 

 Measured RIT for the samples between 130 to 140°C and this gives an indication of 

heat input required to start the UCG ignition. 

 The test programme confirmed that with ample continuous supply of hot air (> 140°C) 

and minimal heat dissipation, Theunissen coal will reach thermal runaway within 48 

hours. 

It is recommended that this body of work be published in future and also verified at the 

TUCG commercial plant inception. 

The Spontaneous Combustion and Reactivity behaviour in CO2 saturated environments did 

supply technical detail and scientific insight into gasification behaviour and carbon 

conversion of the coal. In this study, we aim to show how the novel approach of using R70 

and SponComSIM™ tests to quantify the optimal conditions (temperature, duration, self-

heating, and carbon conversion) at which Theunissen coal can be successfully gasified with 

CO2 as the agent. It was shown that the effectiveness and carbon efficiency of UCG can be 

improved by CO2 gasification with the recycling of waste-captured CO2 to be used as the 

main gasification agent to drive the Boudouard Reaction, where CO2 + C  2 CO above 850°C 

to carbon capture and sequester (CCS) the gas. CO2 gasification is a practical solution to 

improve both carbon efficiency and lower the CO2 footprint. 

Technical advantages may include, but are not limited to:  

 In situ CO2 capture, on active mineral components (Ca and Mg) in the roof and floor 

rocks and within the coal seam, to form carbonates. 

 An overall process reduction of 43% CO2. 
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 A minimum 22% reduction of in-situ coal to produce the same amount of syngas. 

 Lowering the operating temperature of the syngas production and surface outlet 

temperature. 

 Generating a higher heating value gas, containing less nitrogen (9%) and inert gases. 

As a follow-up action, it is recommended that the detail of laboratory analysis procedures 

and results of TUCG coal in CO2 atmosphere be published. 

Chapter 7 examined and discussed novel treatment options for trace coal components; 

especially condensable water, oils, tars, inorganic trace elements, and particulate matter 

that make their way to the surface via the production well and can have adverse impacts on 

downstream processes. The effectiveness and carbon efficiency of UCG can be improved by 

hot cleaning raw syngas directly from the UCG production well. The proposed vortex 

separation hot gas clean-up concept will allow for the removal of most of the particulates, 

together with the efficient separation of the syngas into its useful components, providing for 

acid gas removal and H2:CO ratio control. 

A conceptual gas clean-up and separation design based on a vortex separator (VGS) are 

proposed. The concept will allow the hot and efficient separation of syngas into its useful 

components, together with partial cleaning for further gas utilisation. The most important 

principle of vortex separation is the preservation of laminar flow allowed by the adverse 

pressure gradient. Other technical and economic advantages may include, but are not 

limited to: 

 Removal of most of the condensable and particulate matter from the hot syngas. 

 Bulk removal of H2S and CO2, allowing for cheaper warm syngas desulphurisation 

combined with guard beds. 

 Separation of H2 from a second syngas stream for H2:CO ratio adjustment. 

The level of separation highlighted in the reference materials are in the commercial 

application range for the Theunissen UCG project as the syngas typically contains chemical 

compounds and substances with large variation in molar mass and the syngas pressure of 

the second stream used for power generation has to be let down anyway. 

9.2 Investigation highlights 

By managing the gasifying agent and operational conditions, it is possible to achieve a wide 

range of desired compositions and to control the quantity of gas produced. Commercially 

available gas clean-up and chemical process systems will enable the processing of any by-

products, resulting in marketable commodities and, by the same token, preventing 

environmental pollution. Storing areas for ash or discard (inevitable in the case of traditional 

coal processing units) are virtually non-existent with the use of UCG.  
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The following conclusions and achievements arose from the modelling and investigations 

described in this thesis: 

 Spontaneous combustion assessment of a coal reserve planned for UCG. 

 Limited in-situ CO2 capture during a UCG process by simulating possible CO2 

adsorption on roof and coal mineral structures. 

 Corrosion testing of steel for production and injection well applications in a UCG 

process. 

 The proposed use of vortex gas separation in UCG and other syngas systems. 

 Investigation of a two-agent process for underground coal gasification with Fischer-

Tropsch based poly-generation.  

 A novel process to clean syngas by vortex before sulphur scrubbing by ZnO absorbent. 

 A novel process of integration of two agents into a UCG-CTL facility. 

 A novel process of managing CTL tail-gas for LNG, hydrogen and electricity 

production. 

9.3 UCG Financial Analysis 

Africary financial calculations included electricity pricing based on UCG and IGCC technology 

implementation at a potential tariff of 1.19 R/kWh (before the effect of any carbon tax on 

the project) can be implemented (on a 2019 cost basis). The technology has been 

operationally proven by Eskom at Majuba since 2007, and Africary’s 50 MW TUCG Project is 

ready for commercialisation. Africary is ready to make UCG a cost competitive cleaner, more 

efficient and much safer power generation option. The project has the support of the local 

community and obtained its environmental authorisation to build the mine and power 

station as early as 3 September 2015. 

Some CTL by-products have a negative price associated with a disposal cost or tax (like brine, 

sulphur, off-gas, CO2 and grey water) and become important factors in determining the 

economics.  To minimise their impact, the Africary design actively pursues using by-products 

like CO2, off-gasses and grey water as process feedstock. Another important consideration is 

to choose a FT provider that provides a large main product ratio to by-products. On small-

scale FT the small quantities of by-products produced have a big nuisance value as some 

chemicals are hazardous and difficult to store and transport and it may be impractical to sell 

small batches to remote markets. 

The work discussed in Chapter 7 and 8 offered novel designs where the primary feed for the 

power station changes away from air-blown UCG syngas to a higher value CO2-blown syngas.  

This CO-rich gas is then mixed with purge, flash, strip, and tail-gas before consumption by 

gas engines, thereby reducing the flare load and boosting the cost-effectiveness of the 

overall CTL facility.  



Chapter 9 - Conclusion 

Page - 125 

9.3.1 Capital Cost 

The high capital cost of CTL facilities has some important design implications. Whilst 

balancing the carbon and energy efficiency in the rest of the facility the design must 

maximise the carbon efficiency in the refinery. This guideline is however not strictly followed 

by the application of UCG, as it significantly lowers the upfront cost of producing syngas by a 

third. Africary’s 2017 total CTL capital cost (ULSD + Naphtha + LNG + H2) is about 

$ 278 million and reaches $ 350 million when the power generation system is included for a 

2 000 bbl/day diesel with a 200 ton/day LNG facility. 

9.3.2 Operating Cost 

The calculated operating expenditure for Africary, inclusive of reactor refurbishment, gas 

engine refurbishment, labour, routine plant maintenance and catalysts and chemicals 

replacement has the total plant operating expenditure of 28 $/bbl. This also allows for all 

catalyst replacements for the Synthetic Crude Upgrading Unit with a 3-year catalyst life 

assumption period and includes the FT royalty payment on a per barrel basis. The balance of 

plant (BOP) catalysts and chemicals and the power station maintenance is also included for 

each unit as well as the organisational cost for operating personnel and plant maintenance. 

9.4 Benefits for South Africa 

When comparing UCG with other electricity generating technologies and their 

environmental impacts, we can summarise the major benefits provided by UCG as follows: 

 It would form a centralised gas hub for South Africa that is immediately 

implementable. 

 UCG is a massive environmental improvement over conventional coal technology.  

 The use of CO2 as feed for UCG lowers overall carbon dioxide emissions and provides 

the implementation of carbon capture and sequestration. 

 UCG offers energy efficiency improvements and has a low-impact on the 

environment. 

 It would ensure continued agriculture with professional management, clean water, 

infrastructure, electricity and possibly fertiliser from future poly-generation 

production, including clean fuels. 

 It could be a new potential tax source and source of employment in an economically 

depressed part of the country. 

 It could reduce the trade deficit and reduce dependence on oil and import gas. 

 It would be clean, green, water efficient and safe. 
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In both the business-as-usual and green electricity development scenarios there is a clear 

opportunity for UCG to help South Africa meet its future electricity demand. Africary and its 

partners and the greater UCG community can implement large-scale power projects in line 

with the most demanding industry expectations and will simultaneously decrease the 

exchange rate and commodity price risks associated with gas-power generation.  

UCG will help to reduce SA’s electricity production land use impacts, greenhouse gas 

emissions and other unwanted air emissions. UCG is also preferable to imported natural gas 

for electricity generation because of worsening import deficits.  

UCG has the potential to access the vast energy reserves locked in coal deposits that are 

uneconomic to mine using current technology. The technology will develop these resources 

with lower environmental impact than conventional coal mining and coal-boiler generation.  

South Africa does not have a mentionable domestic gas supply as the Mozambique import 

industry is fully constrained and the assumed future supply of shale gas is still unproven 

whilst the import harbour capacity for LNG has not been approved for construction. 

Africary’s UCG-CTL projects can be a breakthrough solution for independently produced 

electricity, liquid fuels, hydrogen and natural gas. Integrating two parallel UCG gasifiers 

(operated on different agents) with mini-GTL to produce diesel and LNG provides a unique 

interdependent poly-generation configuration that reduces both cost and emissions. 

The TUCG process can cost-effectively be combined with a deep acid gas scrubbing to 

remove undesirable components (especially condensable water, oils, tars, sulphur and 

inorganic trace elements) from each gasifier and blend the cleaned syngas for H2:CO ratio 

control. The scrubbed syngas will supply CompactGTL’s FT synthesis plant, which is at the 

heart of the conversion process for liquids from syngas and forms a critical part of the 

overall design of cost-effective poly-generation operation. 

Multi-product UCG (CTX) offers a lower capital investment to conventional underground 

mining and surface gasification (due to the removal of the surface gasifier and coal mine 

operations This study has minimised the complexity and optimised the process flow to 

provide electricity plus 2 000 bbl/day fuels and 200 ton/day LNG; at a capital cost estimate 

(2017) of about US$ 350 million and operating cost of around 28 $/bbl. 
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10.2 Accolades and industry references 

Sasol Mining is responsible for producing and supplying about 50 million tons of coal a year 

and in 2002 received the prestigious International Coal Company of the Year Award in the 

2002 Platts/Business Week - Global Energy Awards presented in New York City. The award is 

in recognition of Sasol Mining’s team that have unlocked a substantial amount of new value 

in the often-difficult geological conditions and shows an ability to sustain business and 

human growth and prosperity through a process of focused business renewal. 

This award was fitting tribute to the vision, diligence and passion of Sasol Mining’s people 

implementing their comprehensive business renewal process and the continued aspiration 

to achieve and maintain world-best practices.  In addition, the company has implemented 

several major technological advances in key areas such as virtual mining, directional drilling, 

mine planning, coal cutting, coal handling and ventilation [1].  

 

Figure 11: The Author has a long career in promoting and developing UCG technology commercialisation.  

                                                      
1 World acclaim for Sasol’s high-achiever mines. The Journal of the South African Institute of Mining and 

Metallurgy. Jan/Feb, 2003. p. 33. 
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