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Advertorial
Epiroc showcases its Smart and Flexible automated drilling
technology at Electra Mining 2018
Stand B26, Outdoor area 1
“Epiroc has always prided itself on taking the needs of the customers into account,” says
Hedley Birnie, Regional Business Line Manager of Epiroc’s Surface and Exploration Drilling,
the division that brings the legendary SmartROC and FlexiROC rigs to the drilling industry. “In
listening to and understanding our customers’ requirements, we have applied our many
decades of experience to implement advanced digitalisation and automation technology in our
products, adding tremendous value for the customers and differentiating Epiroc as a reliable
productivity partner.”
Equipped with leading-edge smart technology and featuring full drill cycle automation,
Epiroc’s SmartROC Down-The-Hole and Top Hammer drill rigs optimise the drilling and
blasting experience from end-to-end, completely transforming the drilling procedure. Better
planning, predictability, semi-autonomous drilling with improved drilling cycle accuracy,
increased efficiencies, consistent operation and quality, extended machine availability and lifecycle, improved operational and maintenance
costs, and reduced carbon footprint lead to sustainable productivity and profitability in mines, quarries and plants. “Most importantly,
automation technology enables us to remove personnel from the work face, taking them out of harm’s way, enhancing worker safety and
performance,” notes Birnie.
“We believe that the success of automation technology lies in a holistic approach and we therefore apply it across equipment, systems,
operations and services,” explains Birnie. “Everything starts with the planning and drilling of the holes. If done correctly, it will lower the total
cost of the entire operation and Epiroc has the complete solution in the form of digitalisation and automation which perfectly complement
each other.”
Digitalisation in the form of ROC Manager and Surface Manager enables the creation of drill plans, drill patterns, hole angles and depths
which are sent directly to the drill rigs from the planning office with GPS coordinates via a Wi-Fi network (or data stick for mines and plants
that do not have a WiFi mesh or network over the pit).
Here, automation in the form of the Hole Navigation System (HNS) takes over and drilling can be performed according to the exact
coordinates included in the drill plan providing accuracy on the X, Y and Z axes. HNS delivers a faster set-up, improves precision and
reduces non-drilling time, fragmentation and explosive quantities. In addition, fewer people are required in the working area because there is
no need for the manual marking of holes nor for the manual measuring of the drilled holes since this data can be retrieved from the Drill
Quality Log File. HNS also minimises the risk of drilling in undetonated explosive material since the drill pattern coordinates are saved.
Using Rig Remote Access (RRA), the rig drills holes semi-autonomously and ‘knows’ to drill in the right place at the right depth, at the
right angle and at the desired hole depth every time while drill tubes are added and extracted automatically. Using an option called single hole
automation, also referred to as ‘one touch’, the rig can be set up in such a way that when all of the drilling plan parameters have been
installed and the hole positions and depth are entered, the operator can select a hole on the plan. Then, with the press of one button, the
operator can leave the drill rig to drill the hole in the correct place and to the correct depth after which rig will, on its own, extract all the rods
back to the carousel and notify the operator that he may now select the next hole closest to his current position. This automation also allows
for automatic overburden drilling.
During drilling, Measure While Drilling is performed and this data is logged and sent back to ROC Manager/Surface Manager for further
analysis. MWD enables the rig to determine changes in the ground formation based on performance and penetration rate. Using Surface
Manager, a 3-D model can be formulated showing the ground formation detailing the position of the ore layout within the inter-burden overburden and waste partings.
The Rig Control System (RCS) on the SmartROC is a built-in auto-rod handling control system that helps to extend rig lifespan and
subsequently improve uptime and availability by limiting extreme usage to safeguard the rig against operator abuse, and reducing wear on
the rig as well as on consumables. A state of the art fuel saving device controlled by the RCS, can reduce the SmartROC’s fuel consumption
by between 15 and 25%, depending on ground conditions and the commodity being drilled.
BenchREMOTE, an additional option from Epiroc, is ideal for drilling in hazardous areas and near the high wall. The BenchREMOTE can
be placed in an air-conditioned, vibration-, dust- and noise-free environment up to 100m away within the line of site of the drill rig from where
the operator can safely and conveniently monitor progress. Furthermore, up to three SmartROC drill rigs can be operated from one
BenchREMOTE base station. Information on up to ten drill rigs can be stored in the BenchREMOTE’s memory so that if and when needed,
the BenchREMOTE can be moved from one block or area to another and control the rigs in that area.
All the latest drill rigs from the Epiroc factory are now also fitted with CERTIQ, a web-based management control system that allows
remote access to critical drill rig information in real time. In addition to critical warnings, the system also reports on fuel burn, idle time,
tramming time, drilling or production time as well as standing time.
Epiroc’s tried and trusted rig ranges such as the Power and FlexiROC offer a solution for those contractors and customers who do not
have the need or the desire to have drill rigs with higher technology levels. The FlexiROC is available with CERTIQ, ROC Manager and
Assisted Trouble Shooting.
Epiroc designs, maintains and supports all hardware and software and offers theoretical and
practical aftermarket technical and operator training. The SmartROC and FlexiROC rigs are backed by
extensive aftermarket support both locally as well as in Botswana, Mozambique, Namibia and
Zimbabwe.
According to Birnie, some technology can be retrofitted to the SmartROC and FlexiROC. He points
out that while automation technology is still fairly new to Southern Africa, mines and quarries are
recognising that automation technology is crucial to a sustainable and profitable future. “We are seeing
a noticeable increase in interest in our rigs and their automation features. We are investing heavily in
R&D and constantly updating automation technology on our equipment to further our endeavour in
ensuring the highest and most efficient rig performance possible while creating an ever safer and more
productive operation and working environment.”
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Complex confirmed an improved metallurgical performance at very low substitutions (approx. 5 molar per cent) of SiBX.
Informal settlements and mine development: Reflections from South Africa’s periphery
by L. Marais, J. Cloete, and S. Denoon-Stevens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1103
A survey of 260 informal settlement households in Postmasburg, a small and remotely located town in the Northern Cape
Province of South Africa, was carried out. The mines in the area employ contract workers, thus arousing expectations of
employment. The study revealed that the mines contribute extensively to the development of informal settlements, and that both
municipal and mining company policies regarding informal settlements are inadequate.
A modified Wipfrag program for determining muckpile fragmentation
by A. Tosun . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1113
Existing image analysis methods for determining the size distribution of the material in a muckpile have a fundamental limitation
in that the very fine material cannot be used in the calculation. A new model that incorporates the very fine fragments in the
calculation was developed and validated by comparing the muckpile size distributions calculated for a series of test blasts with
the parameters determining loader efficiency.
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n behalf of the South African Underground Coal Gasification Association (SAUCGA) I am
delighted to present papers in this edition of the SAIMM Journal. The UCG edition showcases
work by various researchers, through their respective institutions, highlighting the active
and diverse research areas of importance to the SAIMM readership and to South Africa as a
whole. The research work also supports the general consensus and drive towards cleaner and
more sustainable mining technologies that are required for emerging countries that are endowed
with coal resources. Some of the work reproduced here is the result of a number of workshops
and important discussions held by SAUCGA members over the last few years. We are sincerely grateful to the SAIMM,
the editorial board, and the reviewers for affording us this forum to communicate the pertinent issues relevant to UCG
in the South African context.
The areas covered in this edition are loosely divided into the following categories: monitoring of UCG processes,
thermodynamic modelling, and gas purification. Notably, there is a summary of the initial findings in the
development of the SAUCGA roadmap. Most of the papers have multiple authors, indicating the strong collaboration
propensity between industry and academia. It is hoped that this edition will encourage future discussions and
collaborations and that more researchers, academics, policy-makers, funders, and UCG proponents will team up to
make UCG a commercial reality.
The papers on monitoring cover groundwater monitoring as per standards laid out by existing legislation and
propose fit-for-purpose monitoring standards for UCG operation, which can then be regulated and enforced. A second
paper discusses the use of isotope techniques in hydrogeology to determine connections across groundwater systems
and possible cross-contamination. An important result presented here is that at an existing UCG site the shallow and
deep aquifers are not connected, and hence it is unlikely that the gasification zone could adversely impact shallow
aquifers. Follow-on work is covered by another study, at a site that has completed a UCG trial, that looks at the
geochemistry and leaching probability of products into groundwater. Acid-base accounting techniques have been
used to predict the acid-producing capacity of a gasification zone in unburnt coal samples. This work is also
supplemented by a stratification assessment towards a better understanding of diffusion effects within an
underground cavity.
Thermo-equilibrium simulations have been studied to determine the mineral transformations in residual ash. The
paper reports on the mineral transformations of potassium, aluminum, and titanium and the conditions for slag
formation are identified. Another paper determines the thermodynamic limits of gasification processes using a ternary
phase diagram based on the inherent chemical properties of the coal. Also covered is the possibility of using carbon
dioxide as a reactant to produce synthesis gas, a topic that is also echoed by other authors. It is shown that carbon
dioxide gasification is a practical solution to improve carbon efficiency and lowering the overall CO2 footprint of a
UCG process. Finally, a paper outlines a novel integration of known technologies using vortex tubes to develop an
efficient process and equipment to purify syngas from UCG.
The SAUCGA hopes this edition provides a taste of future work that may emerge from research and practical
efforts in the field of UCG in South Africa. It would indeed require the collaboration of many people to fully
contextualize this multidisciplinary technology and to become the obvious choice for future clean coal industries.
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Safety, health, and the environment
through the eyes of MineSafe

I

t is an honour for the President of the Institute to write the President’s
Corner note for the Journal, especially so when it is the first one after
inauguration as President. It was indeed a great pleasure to present the
story of research and development in the mining industry in South Africa in
my Presidential Address at the AGM, and to be able to describe the journey
so far that the Mandela Mining Precinct has travelled. The work of the
Precinct has focused on the research and development of mining systems, of
which health, safety and environmental topics are an essential component.
What has become very clear, and flowing out of the Mining Phakisa in 2015,
is the need for a collaborative approach in this research work.
No area of research is more demanding of collaboration and involvement of all stakeholders
than that of safety, health, and environmental protection in mining, and the annual MineSafe
conference and Industry Awards is an event that epitomizes the coming together of industry,
labour, and the State.
MineSafe is one of the flagship events on the SAIMM Calendar, and this year’s event, held from
29 to 31 August, built further on the success of previous conferences.
MineSafe is jointly organized between the SAIMM, and the Mines Professional Associations, in
particular the Association of Mine Managers of South Africa, the South African Colliery Managers
Association, and the Mine Metallurgical Managers Association. Of particular importance at this
event is the level of participation by mine management, employees, and organized labour
representatives from mine operational level to executive office-bearers, not only at the awards
ceremony, but also at the technical presentations.
This year, the level of professionalism in the technical presentations was extremely high and
the technical content, which addressed issues in safety, health, and environment, was exemplary.
In particular, papers focused on solutions to problems associated with geotechnical hazards
facing miners, using techniques such as three-dimensional ground-penetrating radar, real-time
monitoring of ground movement, and effective post-splitting of open pit highwalls. These advances
in technology illustrate the importance of embracing the innovations in digitalization and data
availability that allow not only improved operational control, but also predictive maintenance that
can be applied not only to equipment, but also to the ground and its condition.
A focus on occupational health and safety addressed the need to deal with occupational health
risks at source, to reach the aspiration of zero harm in health as well as in safety, instead of merely
aiming for legal compliance.
In the area of environmental protection, advances in the treatment of polluted minewater were
illustrated through the removal of heavy metals down to nanometre levels of treatment and
filtration.
All of these areas were further backed up by well-considered and presented poster
presentations, admirably showcased by their authors.
A critical theme of the event was the realization that none of these technologies or systems will
realize their full value without the full engagement and support of the employees, their
representative labour organizations, and the communities around the mines. This was emphasized
throughout the conference, and in a powerful and at times emotionally charged keynote address on
the awards day, backed up by a heart-rending industrial theatre presentation.
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Safety, health, and the environment through the eyes of
MineSafe (continued)
The awards celebrated the significant advances that have been made in mine health and safety
since 1993, with some outstanding achievements that truly reflect that the aspiration of zero harm
is reachable. However, statistics in 2017 and 2018 to date indicate that for the industry as a whole
to reach these targets and the milestone targets, much work remains to be done. Not only is there
more work to be done, but it is clear that this will only be achieved if the effort is truly collaborative
and that engagement with all stakeholders is honest and transparent. Never more so has the
clarion call of ’nothing about us without us’ been so compelling.
So what does this mean for the future?
First, it means that research work that is aimed at improving health and safety must be
coordinated and structured so as to achieve the goal of zero harm, by identifying solutions that will
address current challenges, in a collaborative way. This involves coordination of effort between
research institutions, universities, industry, the DMR, the Mine Health and Safety Council, OEMs,
and organized labour. In terms of health, this coordination needs to extend beyond the mine fence
by addressing the impact of the changing socio-economic circumstances of employees and
communities. Meaningful engagement and dialogue are essential.
Secondly, in terms of MineSafe, it will be vital going forward that stakeholder involvement
extends beyond attendance only, and that it involve engagement and participation in committees
and presentations; best of all, in collaboration with other stakeholders.
Thirdly, the SAIMM should take a more active role, in providing platforms where constructive
debates can be held to find collective solutions to reach our target of zero harm. This can be done
through establishing innovative events such as ‘Hackathons’, debates, and breakfast events, as
well as more traditional conferences, schools, and seminars.
As President, I commit to ensuring that the SAIMM will assist the Professional Associations to
achieve this in a proactive way. These matters will become a part of the Technical Programme
Committee agendas, and will help to forge closer relationships between the SAIMM, the Mines
Professional Associations, industry, the Department of Mineral Resources, and organized labour.
Finally, congratulations to all the winners of the many prestigious awards for health, safety,
and environmental performance at MineSafe 2018. In particular, the winners of the JT Ryan
Awards, which went to AngloGold Ashanti Vaal River and West Wits Chemical Laboratories for
surface operations, and Lonmin K3 Shaft UG2 Section for underground operations.
The Most Improved Mining Company award went to Lonmin.
The Institute recognizes these achievements as well as all the other worthy winners.

          

VOLUME 118



 

vii



A.S. Macfarlane
President, SAIMM

Obituary
Philip Lloyd: Climate change sceptic who shared Nobel prize 1936-2018
Provocative and outspoken, he favoured fossil fuels, nuclear and teaching mathematics

Philip Lloyd, who has died in Cape Town at the age of 81, was part of
the UN Intergovernmental Panel on Climate Change (IPCC) team that
shared the Nobel peace prize in 2007.
Ironically, he was something of a climate change sceptic and
questioned the panel’s impartiality.
He was a professor of chemical engineering at Wits University and a
research fellow at the Energy Research Centre of the University of Cape
Town (UCT), where his major interest was how people living in
informal settlements could satisfy their energy needs without burning
Caption—Philip Lloyd disputing
their homes down .
evidence for climate change at a
At the time of his death he was a professor of energy at the Cape
National Science and Technology
Forum conference in 2017.
Peninsula University of Technology, and consultant to the
Picture: NSTF
petrochemical industry.
He believed in fossil fuels and nuclear energy. He helped build the
R11bn Mossgas project and was involved in SA’s pioneering and
world-acclaimed pebble bed modular reactor. He believed that the decision by the Mbeki government to
pull the plug on the project was a blunder of note. As a result ‘the baton was handed to the Americans
who in essence are being gifted our technology and expertise’, he said.
Lloyd was as formidably intelligent as he was cantankerous, outspoken and provocative.
On one occasion, the leader of the Campaign Against Nuclear Energy, who was also his next-door
neighbour, had to save him from being bodily ejected from an anti-nuclear meeting.
He believed the cost and unreliability of wind and solar power made them unrealistic and ultimately
unaffordable alternatives to fossil fuels and nuclear energy.
While a member of the UN panel on climate change, he found that the work of scientists was
misrepresented by those involved in the policy-making process.
‘What the scientists were saying was being translated into words I did not recognise as being the
scientists’ words,’ he said. Many of the predictions of the climate change lobby were not coming true, he
said, but scientists tended to gloss over this.
‘There are scientists involved in this thing who are not necessarily unbiased,’ he said, adding that he
did not necessarily dispute climate change but did dispute the view of the IPCC and climate change lobby
that carbon dioxide (CO2) was to blame .
‘The temperature change between 1920 and 1940, which is not regarded as being CO2-driven, is
very similar to the temperature change from 1970 to 2000, which the IPCC puts solely down to CO2,’ he
said.
He also believed the information being used to determine the effects of climate change was too
recent to form a good basis for conclusions.
Contrary to widespread reporting, he said, global temperatures were not rising excessively and there
had been no recent indications of an acceleration in sea levels rising.
It was predicted that burning fossil fuels would cause an increase in hot weather, droughts, floods,
violent winds, cyclones and sea levels.
‘But when you dig out the evidence for these increases, you find remarkably little support for them,’
he wrote.
‘It has been warming for at least 180 years. Yes, it has become warmer, and glaciers are melting. But
as the ice disappears on alpine passes, so footpaths appear that were last in use 800 years ago, when it
was warmer than today.’
Most of the purported increases in extreme climate could barely be detected, he said.
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Obituary (continued)
He believed the case for carbon taxes was more about populism than science, and that it was naive
to put too much faith in predictive models .
“I seem to recall some recent models which proved beyond all doubt that Hillary Clinton would be
the next president of the US”.
He believed the “current panic about global warming will go the way of the 1970s panic about global
cooling”.
Lloyd was born in Sheffield in the UK on September 9 1936. He moved to SA with his family at the
age of nine to escape the hardships of postwar Britain.
He won an organ scholarship to Diocesan College (Bishops) in 1949. He lost it when he ignored the
‘DO NOT’ signs, pulling out all the stops on the school organ for Bach’s Toccata and Fugue in D Minor,
which brought down the acoustic tiles from the chapel ceiling.
For his doctorate in chemical engineering at UCT he developed a uranium extraction process which is
still in use.
He worked for the Atomic Energy Board which sent him to the Massachusetts Institute of
Technology for a year.
On his return he worked for the then Chamber of Mines and helped develop a plan to rework mine
dumps. As head of research at the chamber he led a team which devised a revolutionary underground
processing plant to save having to bring all the ore to the surface.
In the ’70s he was instrumental in starting Protec, an NGO offering higher-grade maths and science
teaching to 1,000 black pupils every year.
Some 80% of black pupils who matriculated with higher-grade maths and science came through
Protec.
With the arrival of democracy in 1994 it closed shop, believing there would be no need for it in a
post-apartheid education system.
Instead, as Lloyd pointed out, a higher percentage of black students passed higher-grade maths and
science before 1994 than after.
He frequently tackled his next-door neighbour, education minister Kader Asmal, about this.
Lloyd, who won the ‘most outstanding young South African’ award in 1976, was no mere swot.
He climbed mountains, skied, sailed and drove rally cars. He was the first South African to complete
the 3,500km Monte Carlo rally.
He produced a never-ending stream of papers, articles and erudite letters to the editor until shortly
before his death.
Philip had been a member of the Southern African Institute of Mining and Metallurgy for 50 years at
the time of his death. He was regularly called upon to referee papers for the Journal and he was very
forthright and constructive in his adjudications. At the AGM in 1972 he was awarded a gold medal for
his paper ‘The determination of the efficiency of the milling process’ and not long before he passed away
he donated the gold medal back to the Institute with the wish that the Institute sell the medal and use
the money for education purposes. The proceeds from the sale of the medal are to be credited to the
Institute’s Scholarship Trust Fund.
He was divorced twice and is survived by three children. — Chris Barron.
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This obituary was written by Chris Barron and published by the Sunday Times on 26th August 2018.

WELDING –

THE

MIRACLE CAREER

Johannesburg, 27 September 2018: For many years, the Southern African Institute of Welding
(SAIW) has provided opportunities for young South African men and women to acquire the skills
required in the welding and related inspection industries that enable them to obtain solid, wellpaid jobs.
SAIW Executive Director Sean Blake says, ‘Over 75% of our graduates find meaningful
employment and this, in today’s climate, is nothing short of miraculous’.
He adds that over and over, the SAIW sees how its training transforms people’s lives as they
get jobs in a host of industries that use welding. These include the oil and gas, construction,
aeronautical, automotive, and shipping industries – in fact, almost any industry one can think of.
Over the years the SAIW has created innovative cross-industry initiatives that have improved
the standards of South African welding. Since the introduction of its internationally recognized
training programmes, the SAIW has also become the leading welder training organization in
Africa, with branches in Johannesburg, Durban, and Cape Town, uplifting thousands of
individuals through welding.
Take Houston Isaacs, for example. Schooled in Saldanha Bay, Houston always dreamed of a
job using his hands. While employed as an operator at a well-known steel fabricator, his
enthusiasm and dedication won him a bursary to train in welding at the West Coast TVET College.
He completed his training in 2010, but jobs were scarce. That is, until he entered the SAIW Young
Welder of the Year competition, in which he did brilliantly across all materials and welding
techniques. A leading local gases and welding supplies company noticed his performance and
immediately offered him employment.
Since then, Houston’s life has changed. He says the future was uncertain until the SAIW put
him on the welding map and that he will be forever grateful for the opportunity that the Institute
gave him in life.
And welding isn’t just for men either. Angel Mathebula’s SAIW Foundation bursary enabled
her to compete and secure employment as an IIW International Welder. ‘We have many women on
our courses and they often are the stars of the programmes. There is so much diversity in the
welding and inspection world, there is room for anyone with the right credentials who is prepared
to make the effort’, says Blake.
The SAIW is an exciting place to learn welding. It is managed by the top professionals in the
country. Its qualification and certification services are administered by SAIW Certification, an
independent company that has been authorized by the International Institute of Welding (IIW) as
an Authorised Nominated Body for the IIW Education, Training, Qualification, and Certification
programmes. SAIW Certification also operates the SAQCC programmes for the certification of
pressure equipment personnel as well as nondestructive testing (NDT) personnel.
The SAIW is holding an Open Day on 11 January 2019 to show young career seekers what it
can do for them. Don’t miss out on this opportunity, go to www.saiw.co.za and register. This
could change your life.

B. Macheke
MoonDawn Media & Communications
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SAUCGA: The potential, role, and
development of underground coal
gasification in South Africa
by S. Pershad*†, M. van der Riet*†, J. Brand*‡, J. van Dyk*‡,
D. Love*§, J. Feris*#, C.A. Strydom*, and S. Kauchali*

This paper offers an introduction to and strategic context for the other
papers included in this special UCG edition of the Journal of the Southern
African Institute of Mining and Metallurgy. South Africa is facing long-term
energy security challenges, brought about by a myriad of factors that are
somewhat unique or exacerbated in the global context. Underground coal
gasification (UCG) is a process used to produce synthesis gas from coal in
situ, that is, in the coal seam. UCG is an emerging, advanced clean coal
technology that offers a potential solution for these challenges, as it can
cost-effectively and cleanly liberate vast coal resources in the country that
currently cannot be economically exploited using traditional mining
technologies. One of the tasks of the South African Underground Coal
Gasification Association (SAUCGA) is to advance the development of UCG in
South Africa by compiling a technology roadmap. This paper presents the
initial findings of the SAUCGA Roadmap (Draft), and contextualizes the
technology opportunities and challenges, stakeholders, and provides a basis
from which to progress further plans for technology development. Firm
development plans and deadlines are not yet possible due to the reliance of
the UCG Roadmap on the higher level South African energy policy and
regulatory framework. However, the draft roadmap has taken the first step
of identifying these policies and stakeholders, and should be seen as the
seed from which this embryonic technology and industry can be further
developed.
; :736
South Africa, underground coal gasification, UCG, coal mining, SAUCGA,
roadmap.

>857:3425<:8
South Africa’s long-term energy security
challenges include energy access and
affordability, dwindling reserves of accessible
bulk primary energy, mounting environmental
concerns with all forms of energy generation
(especially coal and nuclear), balancing the
electricity grid by incorporating an increasing
proportion of non-despatchable renewable
energy sources, mounting environmental
liabilities regarding defunct mining operations,
and lastly but by no means less important,
fluctuating exchange rates and energy
commodity prices.
Correctly managed underground coal
gasification (UCG) is an emerging, advanced
clean coal technology that offers a potential
solution for these challenges, as it has been
shown to have the potential to cost-effectively
and cleanly liberate vast coal resources in the
country that currently cannot be economically
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exploited using traditional mining
technologies.
The UCG opportunity arises in a period of
energy transition, where utilizers of fossil
fuels are under pressure to reduce emissions
significantly to comply with international
climate change commitments. In 2015 South
Africa signed the Paris Agreement on climate
change, which was developed under the
auspices of the United Nations Framework
Convention on Climate Change (UNFCCC).
Furthermore, South Africa has a commitment
to increasing the population’s access to
electricity, with one of the most significant
hurdles being affordability. UCG technology
offers potential solutions for these challenges.
Research already completed and published by
Eskom has highlighted this potential.
The South African Underground Coal
Gasification Association (SAUCGA) is an
independent, volunteer association established
for the purpose of promoting the development
of UCG in Southern Africa in the most
appropriate, sustainable, and environmentally
sound manner while recognizing the
proprietary interests of participating bodies. It
is thus fundamental for the efficient operation
and ultimate value-add of SAUCGA to base its
activities on a strategic planning document,
which highlights the need for this roadmap
that details a plan for UCG in South Africa,
and therefore SAUCGA as well.
Furthermore, as with any emerging
technology, strategic planning is essential to
evaluate the current situation, what needs to
be done now and in the future (bearing in
mind the shifting goalposts), and the
technology pathways to research and develop

SAUCGA: The potential, role, and development of underground coal gasification in South Africa
the technology in order to meet likely scenarios. This
roadmap is constructed around these key elements.
The roadmap seeks to gather stakeholder viewpoints and
consolidate and provide a consensus pathway forward for the
development of UCG in South Africa for the period 2016 to
2040, aligning with the South African Integrated Resource
Development Plan 2010 (Department of Energy, 2010), the
South African Coal Roadmap (Fossil Fuel Foundation, 2013),
and the National Development Plan (National Planning
Commission, 2010).
Other key strategic documents (such as the South African
Coal Reserves and Resources Report, and the South African
Gas Utilisation Master Plan, Integrated Energy Plan, and
Integrated Resource Development Plan) will be considered as
they are published.
The intent is for this roadmap to be updated regularly,
and alignment with these documents will be undertaken as
they are published. The following key assumptions need to
be defined, to set the context of this roadmap.
 UCG has a definite role to play in South Africa’s future.
The underlying assumption is that it can be
appropriately engineered and proven to meet evolving
requirements.
 This roadmap assesses the period 2016 to 2040.
 This 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, with
projections drawn from reference studies.
 There will be no decline in South African market
demand for electricity, liquid fuels, and chemicals, but
demand will increase based on projections drawn from
reference studies.
South Africa has developed an Integrated Resource Plan
2010 (Department of Energy, 2010) that projects that the
energy mix will evolve in the period 2010 to 2030 to cater for
a reduced role of coal (from about 89% in 2015 to 56% in
2030), replacement capacity, and growth in demand. This
plan has been promulgated for the period 2010 to 2030, and
IRP updates have been drafted with the most recent being the

IRP 2016, which has undergone public comment and is still
awaiting finalization. As such, the IRP 2010 remains the only
promulgated IRP plan at present, and is therefore the
country’s reference resource plan. It is noted, that in the
absence of a 2018 updated and accepted IRP, the assessment
of UCG’s potential capacity and role in comparison with other
competing energy sources is difficult. It is also widely
acknowledged that coal will play a significant, albeit
reducing, role in South Africa’s energy mix until 2050. UCG
offers a better, cleaner coal usage alternative.
The IRP 2010 seeks to cap carbon dioxide emissions at
250 Mt/a. This cap therefore dilutes coal’s predominance over
the next decades, as seen in Figure 1. It must be noted,
however, that coal will still play a significant role until at
least 2050, and if the retirement of the ageing generating
fleet is considered then new coal-fired generating capacity is
going to be required. Given the environmental pressure, such
capacity will need to be based on sustainable coal technology
solutions, which include UCG. There are many coal-based
technology options under development that could
significantly reduce coal emissions, thereby displacing other
energy resources by being able to compete in terms of
emissions and cost.

'"=96=9=&<8<81=&;5,:3
UCG is not a new technology. In fact, references to UCG can
be found dating from the late 1800s, and the earliest US
patented posting of UCG as an alternative mining method was
filed in 1901.
The main difference between UCG and more conventional
surface gasification projects is that in the latter, gasification
occurs in a manufactured reactor, whereas the reactor for a
UCG system is the natural surrounding geological formation
(typically consisting mainly of sandstone or dolerite)
containing unmined coal. In UCG, coal is gasified in situ and
converted into syngas, which is then transported to the
surface via a specially designed and drilled production
borehole. The conversion of the coal to syngas is achieved
through a partial combustion process controlled by the
injection of oxygen (O2) into the coal seam through an
injection well.

+<147;=(!,;=6<;=983=&<=:-=:45,=-7<296=/: ;7=1;8;795<:8=29/92<5)=*.(.*..=# ;/975&;85=:-= 8;71)=*.(.$
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UCG principally requires mining and geoscience skills to
be integrated in a multidisciplinary team to plan, design,
operate, and rehabilitate a UCG gasifier, as illustrated in
Figure 2. The core skills and sciences required are: geology;
hydrogeology; rock mechanics; drilling and well completion;
and UCG mining engineering and technology (which includes
mining engineering, chemical engineering, and gasification
expertise).


UCG is similar to surface gasification, and is a chemical
process that converts solid or liquid fuels into a clean
combustible gas (synthesis gas or syngas) consisting of
carbon monoxide (CO), hydrogen (H2), methane (CH4), and
carbon dioxide (CO2). The ratios of these components in the
final product syngas depends on the chemical composition of

the fuel (coal), the type of reactant (air, oxygen, CO2, and
steam) the ratios used in the process, and the operating
conditions. Clean syngas can be used for synthesis of
transportation fuels and chemicals, production of hydrogen,
direct reduction of metal ores, electricity generation, or a
combination of these.
The fundamental difference between UCG technology and
surface gasification is that UCG enables coal to be gasified in
situ. The conversion of the coal to syngas is controlled by the
injection of oxygen into the coal seam through the injection
well.
A borehole is drilled through the overburden down to the
coal seam, which is then ignited. Oxygen or oxygen-enriched
air is injected to feed the process and drive the gasification
reactions that produce a syngas mixture. These gases are
collected by the production borehole for utilization at the
surface. UCG creates a cavity below ground filled with ash,
the size of which depends on the rate of water influx from the
water table, the heat content of the coal, the location and
shape of the injection and production wells, and the thickness
of the coal seam.
There are two main commercially available UCG methods.
The oldest method uses alternating vertical wells for injection
and production combined with reverse combustion linking to
open up internal pathways in the coal. This process was used
in the Soviet Union from the 1940s, and was later tested in
Chinchilla, Australia and by Eskom in South Africa. The
second method, which was developed in the USA in the
1980s, employs dedicated in-seam boreholes, drilled using
directional drilling and completion technologies adapted from
the global oil and gas industry. It incorporates a moveable
injection point method known as CRIP (controlled retraction
injection point) and generally uses air or oxygen-enriched air
for gasification.
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A gasification process must satisfy chemical constraints
based on the stoichiometry of the coal gasification reactions
and the energy requirements to sustain these reactions.
Gasification of char produced by the devolatilization process
involves chemical reactions between primary reactants, i.e.
carbon in the char, oxygen, and steam, as well as a number
of reactions between primary and secondary reactants, i.e.
CO, CO2, and H2. The basic gasification reactions are
illustrated in Figure 3.

A long period of UCG development, spawned by the energy
crisis that started in 1973, was completed by the Rocky
Mountain 1 trial in the USA in 1988 and the European UCG
trial in Spain in 1992. Following several years of lull and
uncertainty, the Chinchilla UCG project in Australia marked
the beginning of new era of UCG development in Australia,
New Zealand, South Africa, Europe, Canada and the USA.
Spanning almost 20 years, this latest stage of UCG
development was distinguished by a preponderance of
privately funded projects with a significant share of the
capital raised from stock markets.
It appears that this latest stage of UCG development has
suffered considerably from the drop in fossil fuel prices in
world markets, and from the commodity market slowdown.
Whereas the reduced oil and natural gas prices seem to have
affected new and existing UCG projects by decreasing the
projected sale price of UCG products, the corresponding
precipitous drop in coal price reduced the revenue streams of
many UCG proponents to the extent that they could no longer
invest in new UCG projects. An example of the latter was the
2012 shutdown of the Huntly West UCG pilot plant in New
Zealand.
The economic slowdown led to the need for partnering
with the Majuba UCG pilot project in South Africa, and
reduced economic performance due to the suppressed energy
prices in, for instance, North American markets led to closure
of the Swann Hills and Parkland County UCG projects in
Canada.
The other factor limiting UCG activity worldwide is the
lack of preparedness of environmental regulations and
misunderstanding and misinformation on UCG within some
environmentally concerned communities, caused no doubt by
the scarcity of factual information on UCG and confusion
with fracking of oil shales. This regrettable state of public
awareness may have contributed to the reluctance of local
authorities to approve new UCG projects in several
jurisdictions.
In the meantime, in many parts of the world where there
is no sign of pending additional energy sources (including
shale oil and gas), UCG development remains an imperative
for supplying affordable energy and hydrocarbon feedstock
for local industrial and retail markets. Examples of such
locations are South Africa, India, and Pakistan.
It is therefore quite clear that a new stage of UCG
development must be based on a solid foundation of specific
and comprehensive regulation covering environmental
protection, potential conflicts of ownership of mineral and
petroleum rights, royalty regimes etc.
Many countries with large coal resources but which lack
conventional oil and gas are now focusing on proposing
detailed UCG regulatory frameworks. Among them are China,
India, and South Africa. These efforts are spearheaded by
appropriate governmental offices and there are indications
that the regulations may be finalized within the next 2–3
years.
There are several UCG projects that are now being
prepared in anticipation of pending regulations.

   
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. About 80% of the
energy in the coal can theoretically be extracted as syngas,
making UCG a very efficient mining process. At the same
time, no persons are required underground, which offers
safety benefits. UCG is not just more efficient and safer, but
also offers the following advantages.
 UCG can be combined with large-scale combined-cycle
plant to reach energy efficiencies exceeding 50%
compared to the current 35% efficiencies obtained in
subcritical pulverized fuel boilers.
 UCG produces less particulate emissions, thus the
process requires minimal ash handling, and there is
little or no leaching of trace elements from ash when
operated correctly.
 UCG can monetize economically un-mineable coal that
would otherwise be lost to the country’s economy.
Approximately only one-quarter of South African coal
reserves are economically and technically recoverable
with current conventional mining methods (Barker,
1999).
 UCG deployment can create new high-value jobs in the
drilling, gas processing, and gas engine maintenance
industries.
 UCG projects can be located in economically depressed
areas of South Africa, often far from current mining
areas.
 No chemicals are injected into the UCG process as only
air and water are required for gasification.
 Fracking is not required and no fracking chemicals are
injected to create the boreholes.
 The UCG syngas is already in a form that can be further
monetized to liquid chemicals or fuels, or the syngas
can be separated to obtain basic chemicals such as
hydrogen, carbon monoxide, and methane.
 The form of sulphur present in the syngas allows for
economic recovery of elemental sulphur (which can
form part of the chemicals portfolio).
 Technologies for CO2 removal (for future capture and
storage) from the syngas are well matured.
 The UCG reactor can be operated to maximize methane
production (if required by the market) with the rest of
the syngas rich in CO-H2 for further production of
methane or other chemicals.
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 In China, there are four proposed UCG projects
targeting power generation, and supply of syngas to a
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Fischer-Tropsch facility and a synthetic methane plant.
Only limited information has been made available by
the developers.
 In India, the central government has specified a
pathway for government-owned corporations to
develop UCG plants at a pilot scale. The coal blocks that
would be allocated to these companies for UCG
development have been identified; and work should
start in earnest once the regulations are available.
 In South Africa, there are at least three projects that are
now anticipating water use regulations governing
‘unconventional’ gas (viz. shale gas, coalbed methane,
and UCG). They include the Majuba UCG partnership
development by Eskom, the 50 MWe Theunissen UCG
project by African Carbon Energy, and the Sterkfontein
project developed by Oxeye Energy.
There are furthermore several UCG projects under way in
jurisdictions where existing regulations appear to support
UCG development. These areas include India, South and
Central Australia, Indonesia, Alaska, Canada, and the UK.
Apart from UCG projects pursuing clear commercial
outcomes, there a number of UCG projects that are conducted
primarily for R&D purposes. These include the recently
concluded European TOPS research project that considered
technology options for coupled UCG and CO2 capture and
storage and HUGE, the Hydrogen Oriented Underground Coal
Gasification for Europe project development largely by Polish
researchers in Główny Instytut Górnictwa. The demonstration
installation was built on the premises of CCTW Mikołów in
the Underground Testing Range.

'"=<8=5,;=:45,=983=:45,;78=-7<298=2:85;5=
Eskom Holdings SOC Limited (Eskom) has played a
significant role in contributing to the research and
development of UCG in the Southern African region by,
among others, demonstrating the technical feasibility of the
technology, as well as the potential economic feasibility of
utilizing UCG technologies in exploiting un-mineable coal

resources to produce syngas and other by-products for
various downstream uses. These scientific findings are being
prepared for publication.
Southern Africa still has significant coal resources, the
majority of which are deemed uneconomic to mine due to
depth or other technical or market factors. UCG offers a
potential solution for accessing these abundant resources in a
cost-effective and clean manner.
This technology opportunity arises in a period of energy
transition, where fossil fuel users are under pressure to
reduce emissions significantly to comply with international
climate change commitments. In the local context, in 2015
South Africa signed the Paris Agreement on climate change,
which was developed under the auspices of the United
Nations Framework Convention on Climate Change
(UNFCCC). Furthermore, South Africa has a commitment to
increasing the population’s access to electricity, with one of
the most significant hurdles being affordability. UCG is a coal
technology that offers potential solutions for these
challenges.
In Southern Africa, Eskom has for the past 16 years
taken a leading role in investing in the development of the
first UCG facility in Africa (Pershad, 2016), based on the
technology of Ergo Exergy Technology Inc. (Ltd).
Eskom’s review of existing data and Majuba-specific tests
led to the construction of a 5000 Nm3/h pilot plant, which
achieved ignition and first flaring of gas on 20 January 2007.
From a research and development perspective Eskom
demonstrated the following:
 The technology provides cost-competitive fuel for
future power generation. It derives this fuel from local,
unused coal resources shielded from international
market forces.
 It has been qualitatively proven that the technology
works, and is able to extract value from one of the
most geologically complex coalfields in South Africa.
 There is a need to further quantify the performance of
UCG technology, so that it can be optimized.
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 The Eskom Board supports the technology, but due to
Eskom’s current financial constraints a partner will be
sought to further commercial development.
 Eskom will in parallel shut down and rehabilitate the
initial Majuba gasifier as part of the original research
intent.
Research already completed by Eskom has highlighted
the technology potential. Eskom intends to complete the final
stage of the research and prove the commercial viability of
the technology in the next phase of development. The goal
will be to achieve the same emissions footprint and cost as
the supercritical pulverized fuel technology utilized in
Eskom’s new Medupi and Kusile power stations. The
commercialization will coincide with the demand for new
coal-fired generating technology, as per the Integrated
Resource Plan (Department of Energy, 2010).
It must be noted that there are several different UCG
technologies, apart from Ergo Exergy's technology, being
utilized by other UCG developers.
The other proposed UCG projects in South Africa and to a
lesser extent, the rest of the Southern African region (Mining
Weekly, 2013) are African Carbon Energy and, more recently,
Oxeye Energy, who are actively pursuing the potential
application of UCG technologies in exploiting un-mineable
coal resources in South Africa.
African Carbon Energy (Africary) is pursuing the
development of a UCG facility in Theunissen, Free State
Province. Africary intends to develop a UCG power generation
facility which will form part of the Gas to Power Independent
Power Producers Programme of the Department of Energy.
Oxeye Energy concluded a memorandum of
understanding with Ergo Exergy for the potential
development of a UCG facility for the generation of electricity.
Oxeye is currently completing a conceptual study on the
application of UCG technology in the Sterkfontein area,
Bethal, Mpumalanga Province.
Figure 4 depicts the various potential sites for UCG in
South Africa,, illustrating the significant potential.
Despite the concerted development of UCG in South Africa
there are still major challenges holding back the commercial
uptake of UCG technology. SAUCGA has identified these as
follows.
 In South Africa, UCG was declared a controlled activity
in 2015 by the Department of Water and Sanitation
(DWS). The DWS has still to issue the water use license
(WUL) control guidelines for applicants. Other
unconventional gas sources such as shale gas and
coalbed methane also face this regulatory hurdle.
 A core, critical, and widely accepted suite of energy
framework policies for South Africa that would attract
investors in mining, electricity, and energy. In this
regard the revised Mining Charter, Integrated Energy
Plan (IEP), Integrated Resource Plan (IRP), and Gas
Utilisation Master Plan (GUMP) are eagerly awaited.
These anchor policies will set the framework for
projects and investments to be made with confidence
and certainty.
 Electricity and energy demand growth synonymous
with growing South African industrial and economic
activity.
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 To a lesser degree, the necessary skills and experience
to advance a first-of-a-kind (FOAK) technology project
through regulatory, project management, and financing
systems that are created predominantly for known, offthe-shelf technologies. Similarly, risk management
practices are not complementary to the evolution of
embryonic technology, particularly where that
technology development is at a larger scale, operating
in the environment beyond laboratory scale, which
requires licensing and permitting against an extensive
body of knowledge that substantiates granting of
licenses. This sets up a classic chicken-egg conundrum
between the regulatory and R&D processes.
 The adverse environmental outcomes of some UCG
projects around the world, and the corresponding public
perception.
However, before the above issues can be addressed,
stakeholder interest, engagement, and buy-in needs to occur
in order to engage in a serious, concerted path of technology
advancement and development. The current draft UCG
roadmap is the first step in resolving these issues.
Industry knowledge suggests that countries such as
Namibia, Botswana, and Mozambique have potential for the
application of UCG technology to un-mineable coal resources.

:5;85<90='"=9//0<295<:86=<8=:45,=-7<29=
  
From 2007, South Africa faced a decade of electricity
shortages due to a variety of reasons, and this has resulted in
load shedding and a corresponding constraint on economic
activity and growth. The electricity price has also increased
significantly in the interim. There is now a theoretical
overcapacity situation in 2018, as the Medupi, Kusile, and
Ingula units are being commissioned. The excess capacity,
however, has had the unintended consequence of allowing
more time to review all primary energy sources and
generating technologies.
In this regard, South Africa is unfortunately not blessed
with conventional onshore natural gas resources and
development of unconventional gas resources like shale gas
and coal bed methane remains to be realized. While
conventional natural gas offers a cleaner fuel for power
generation, commodity price fluctuations present a risk to the
South African economy.
South African is blessed with abundant coal resources,
and the Integrated Resource Plan (Department of Energy,
2010) as well as the South African Coal Roadmap (Fossil
Fuel Foundation, 2013) accounts for the continued use of
coal in the electricity industry planning for the next 50 years.
In May 2015, the South African Department of Energy
(DoE) further recognized the potential role that UCG-based
power generation could play by requesting information on
gas-based electricity generation capacities and time periods
via a ‘Request for Information’. Under this RFI, UCG was
identified as a ‘Gas’ option, from the following definition:
Gas - Any of: (i) natural gas which occurs naturally
underground (either from a conventional gas field or an
unconventional gas field including shale gas and coal bed
methane (“CBM”)) or (ii) synthesis gas (“syngas”)
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infrastructure in order to support economic growth and social
development goals. Given the government's limited finances,
private funding will need to be sourced for some of these
investments.’
‘Policy planning and decision-making often requires
trade-offs between competing national goals. For instance,
the need to diversify South Africa's energy mix to include
more renewable energy sources, which tend to be variable in
terms of production, should be balanced against the need to
provide a reliable, more affordable electricity supply.’
With specific reference to coal, UCG, and electricity, the
NDP makes the following comment:
‘Cleaner coal technologies will be supported through
research and development and technology transfer
agreements in ultra-supercritical coal power plants,
fluidised-bed combustion, underground coal gasification,
integrated gasification combined cycle plants, and carbon
capture and storage, among others.’
It is thus evident that UCG for electricity generation in
South African is in alignment with the IRP 2010 (Department
of Energy, 2010), SA Coal Roadmap (Fossil Fuel Foundation,
2013), National Development Plan (National Planning
Commission, 2010), and DoE gas industry intentions.
Critically, UCG for electricity generation in South Africa is
under a clear, direct, and explicit developmental mandate.
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including underground coal gasification (“UCG”), or
conventional coal gasification as part of integrated
gasification and combined cycle (“IGCC”) gas technology or
(iii) Liquefied Natural Gas (“LNG”) or Compressed Natural
Gas (“CNG”) or (iv) liquefied petroleum gas (“LPG”);
The South African Coal Roadmap (Fossil Fuel
Foundation, 2013) considers the short-term signals
illustrated in Figure 5, with respect for electricity generation
under the IRP 2010.
The ‘already too late’ situation that was referenced to July
2013 can now be surmised as being very late in 2018. The
Coal Roadmap goes further to describe the perspective on
what constitutes a flourishing South Africa. From Figure 6, it
is evident that electricity generation and infrastructure
investment costs as well electricity generation costs are
significant perspectives to be considered. UCG is a key
technology that directly supports coal mining, and hence a
flourishing South Africa.
The National Development Plan (National Planning
Commission, 2010) explicitly identifies underground coal
gasification technology under its Chapter 4 - ‘Economic
Infrastructure’ (pages 163, 171, and 181) for the following
South African context:
‘South Africa needs to maintain and expand its
electricity, water, transport and telecommunications

SAUCGA: The potential, role, and development of underground coal gasification in South Africa
 
The production of low-cost syngas may provide a lower cost
route for electricity generation, but can also lead to the
development of new lucrative chemical industries, with
associated jobs and skills. A crucial factor for unlocking
large-scale usage of UCG syngas will be the advancements
made in catalysis for Fischer-Tropsch and direct syngas-toolefins processes.
Key issues to be considered for plants producing liquid
fuels and chemicals are:
 The quantity of nitrogen in the syngas and the need to
include an air separation step prior to gasification.
 The pressure and temperature of the syngas, requiring
addition compressors or heat exchangers for
downstream conversions.
 Flexibility of the downstream conversion processes
(syngas to liquid fuels/chemicals) to utilize a variety of
syngas compositions derived from a UCG process –
specifically the H2:CO ratio required for downstream
processes.
 Storage and transportation of the products, as well as
handling of waste effluent (e.g. process water).
 The level of complexity (in plant configuration and
operations) specifically for UCG sites that are physically
far from service providers and markets.
 The need for, degree, and economics of gas clean-up
for the protection of downstream catalytic processes.
Generally, all processes for syngas conversion are
catalytic in nature.



UCG syngas derived from an air-blown gasifier is
typically of low calorific value, between 3 and 5 MJ/m3. This
low calorific value gas, while reducing the capital cost of
syngas production, leads to a number of issues.
Firstly, the lower energy content implies that compressing
and long distance transportation is uneconomic, and
secondly, the equipment for power generation is less
available. The opportunity for liquid fuels and chemicals
production (during minimum power demand) is therefore
worth consideration. Here, the UCG reactors may operate at
full capacity to produce syngas, and at off-peak electricity
demand times the syngas can be diverted to a liquid fuels
production plant. UCG thus offers the flexibility of producing
multiple commercial products.
It is acknowledged that liquid fuel is considered to be a
peaking fuel, enabling the power plant to operate during peak
demand, with liquids produced during off-peak times.
However, there is still a debate as to whether the liquid
should be methanol or Fischer-Tropsch derived liquids
(naptha and middle distillates). The advantage of methanol is
that it is a single product of immense value as both a
chemical and a fuel. However, the methanol reaction is
thermodynamically equilibrium-limited, requiring high
pressure and a large internal recycle.
Fischer-Tropsch synthesis, on the other hand, is not
equilibrium-limited, and can operate with low partial
pressures of hydrogen and carbon monoxide. The liquids
produced can be tailor-made (via catalysis) to produce large
amounts of naphtha and middle distillates that can be stored
or used. Fischer-Tropsch products generally require further
upgrading to be commercially acceptable by the market..

 

With the South African coal-fired power sector facing
potentially fatal challenges, it would be forward thinking to
consider the possibility of producing not just power, but also
a range of products from coal gasification. The products (in
addition to electricity) may include cooling, heating,
chemicals (hydrogen, CO2, methanol, Fischer-Tropsch liquids,
ammonia etc.). The possibilities of producing energy, fuels,
and other products through a polygeneration system are
shown in Figure 7.
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UCG takes place deep underground in unexposed coal seams
(refer to Figure 8). A residue of slag, ash, and salts remains
in the gasifier cavity in the coal seam. UCG is considered a
cleaner energy source as the known effect on the
environment is much less than that of the mining and
combustion of thermal coal. It also generates far fewer
greenhouse gas emissions compared to conventional coal
mining. It has, however, various potential risks, among
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The gasification reaction takes place underground within the
gasification channel, within the underground cavity in the
underground portion of the gasifier (Figure 8). The
pressurized gasifier operates at high temperatures of 650°C to
1600°C. The process consumes water in the coal seam aquifer
as well as moisture within the underburden and overburden
layers, leading to a groundwater cone of depression. An
external water source is not generally required for the UCG
process, except in exceptional cases where very low
groundwater levels are insufficient to meet the UCG water
requirements.

  
Studies of (above-ground) gasification residues suggest that
the residue is mainly an aluminium-calcium silicate slag with
tars and unburnt coal minerals (Choudhry and Hadley, 1996;
Ginster and Matjie, 2005). However very little information is
available on the heavy organic chemistry of the residual ash
and salts, with most environmental studies focusing on the
light organic fraction present in the condensate, including
phenols, benzene, methylbenzene (toluene), ethylbenzene,
dimethylbenzenes (xylenes), and polycyclic aromatic
hydrocarbons (Liu et al., 2007; Smoli ski, et al., 2012a,
2012b). The proportion of the light fraction remaining in the
gasifier residue is also poorly understood.
The UCG process has two intrinsic source controls.
A proactive strategy, built into the design and proper
operation of the UCG process.
 Vertical control: the gasifier must be below a suitable
capping layer, for example an impermeable sill – this
prevents loss of product and also contamination of any
overlying aquifers.
 Vertical control: the gasifier operating pressure must be
          

below the hydrostatic and lithostatic pressure at all
times, so that the outward and upward ‘push’ of the
operating gasifier pressure is counteracted by the
downward pressure of overlying rock and water. Then
pressurized water is not ejected upwards through solid
rock and the groundwater flow direction is inwards
towards the gasifier. Maintaining the gasifier pressure
below hydrostatic and lithostatic pressure minimizes
gas leaks from the gasifier and therefore ensures that
minimal contaminants (phenol, benzene, etc.) leak out
beyond the boundaries of the gasifier.
 Lateral control: the pressure gradient must be towards
the cavity. A cone of depression caused by the
gasification process consuming groundwater results in
controlled ingress of groundwater used in gasification,
and creates a pressure barrier against contaminant flow
away from the gasifier, thus preventing egress of
potential contaminants into the surroundings.
Reactive monitoring strategy (van der Riet et al., 2014;
Love et al., 2014, 2015a, 2015b).
 Checking that there is no vertical migration of
contaminants to shallow or upper intermediate
aquifers.
 Checking that piezometric groundwater levels indicate
that the cone of depression is being maintained and
that the pressure gradient is in place.
 Checking that the operating pressure is below the
hydrostatic and lithostatic pressure.
 Separation of the coal seam from the lower
intermediate aquifers by e.g. a dolerite sill.
During shutdown, the gasifier is depressurized and the
groundwater naturally present around the coal seam is
allowed to gradually flood the cavity. This dissolves some of
the ash and salts, and the more saline groundwater may
affect downstream groundwater compositions by diffusion or
by advection once the water table has stabilized and regional
groundwater flow has resumed.
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which the subsidence of the ground surface and potential
groundwater contamination are the biggest concerns.

SAUCGA: The potential, role, and development of underground coal gasification in South Africa
Table I
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Underground mine workings or open
pit - ‘process water’

Operational area

Observe levels of ‘process water’
against operations summary

Safety zone around mine
workings or open pit

Buffer zone for early warning
of any problems

Monitor for significant changes
in early warning indicators

External environment

Area expected to be unaffected
by UCG operations

Compliance required with
agreed water quality standards

Compliance

The monitoring strategy indicated in Table I is therefore
necessary.


Subsidence caused by UCG processes can impact on the
groundwater flow and levels due to the potentially modified
groundwater recharge. This may affect nearby users as
recharge flows preferentially through the subsided area.
It must be noted, however, that subsidence in UCG is a
design choice rather than a risk, as it aids the UCG process.
The following aspects must be borne in mind.
 Many UCG sites are at considerable depth, with
competent rock bodies above the gasifier and the
confining layer. In such cases, gasifier operations can
be designed so that the depth of goafing does not result
in significant vertical movement in the overlying layers,
and consequently no subsidence occurs on surface.
 Alternatively, a UCG operation may be designed to
cause subsidence at the end of the life of the gasifier,
so that this takes place in a controlled fashion, followed
by remediation of the surface environment while the
operator is still on site. The increased groundwater
recharge in this scenario can be used to accelerate the
gasifier shutdown and clean-up process.

':82046<:86
The availability of coal and sustainable role of coal mining is
widely recognized within the South African context by most
stakeholders in several key policy documents such as the
National Development Plan (National Planning Commission,
2010), the IRP 2010 (Department of Energy, 2010), and the
draft IRP 2016 and IEP 2016. Furthermore, the status and
developmental needs of the coal industry were proposed in
the Coal Roadmap (Fossil Fuel Foundation, 2013).
UCG development was initiated by Eskom, under the
auspices of the DPE with close involvement of the regulatory
departments DMR, DoE, and DWS. There are now several
new UCG developers with specific projects under way, which
in turn have generated interest from numerous other affected
parties. An embryonic industry is being born!
Furthermore, UCG as a technology has received explicit
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prominence in the country’s future energy plans, and is noted
for its potential key role in energy provision. This
acknowledgement requires the formulation of a strategy for
research, development, and commercial implementation of
UCG.
At the request of the DoE and DMR, SAUCGA was
established for the specific purpose of promoting the
development of UCG in Southern Africa. This roadmap details
SAUCGA’s plan for UCG in South Africa, and lays out a
strategy for SAUCGA as well. It records the current situational
analysis locally and internationally; what needs to be done
now and in the future; and the technology pathways to
research and develop the technology in order to meet likely
scenarios moving forward.
Pioneering studies by Eskom Holdings SOC Ltd, their
licensor Ergo Exergy Technologies Inc., and other specialist
consultants have proven that the technology can effectively
exploit the geologically difficult Majuba coal resources, which
had been declared un-mineable in the 1980s with
conventional mining technologies. The Eskom project has
furthermore proven UCG compliance with strict mining and
environmental standards, and advanced the technology by
developing control and mitigation measures which reduce
potential underground contamination risks. The UCG mining
operation can be considered within three zones, with the
production zone in the centre, surrounded by a process
control zone and the compliance zone. All three zones enable
efficient control and monitoring of the process.
UCG has been developed by Eskom for power generation,
but is equally suited to providing feedstock for the liquid
fuels and chemicals industries, as well as a hybrid
polygeneration industry.
UCG presents a more efficient method of mining the
three-quarters of South Africa’s coal which is considered to
be uneconomic using conventional mining technologies, due
to depth and other issues. UCG therefore significantly extends
the country’s coal reserves.
South Africa requires growth in energy-intensive and
mining industries to unlock the natural resources in the
country, and in so doing unlocking the associated wealth and
creating employment opportunities. This urgent need
incentivizes the development of highly efficient and
environmentally sustainable technologies such as UCG.
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2.

UCG has been piloted and has been successfully
proven in the local context, which indicates an
opportunity to depart from traditional thinking and
conventional technologies used for energy projects.
In particular, UCG offers an opportunity to move
forward to commercialization, with the close
involvement of the regulatory authorities, NGOs,
I&APs, and academia to fast-track learning,
optimization, and policy formulation. It is
recommended that UCG developers focus on actively
ensuring such partnerships.

BARKER, O.B. 1999. A techno-economic and historical review of the South
African coal industry in the 19th and 20th centuries, Part 1. Bulletin 113.
Department of Minerals and Energy.

This brings with it the challenge of how to translate
international experience and local R&D
understanding into local policy certainty, to enable
the birth of a first-of-a-kind technology (for South
Africa). SAUCGA believes that UCG technology has
reached a point where it now needs the guidance of:

DEPARTMENT OF ENERGY. 2010. South African Integrated Resource Plan (IRP).
Pretoria.

a. A technology department, such as the DST. This
will enable the cohesion of the various
stakeholders (advocated in the first point)
under the auspices of one department that can
unite the vision and goals for UCG technology.
An excellent precedent has been set by the
developmental role the DST has taken in the
shale gas industry.
b. A commercialization department, such as the
DTI. This will enable the development of the
financial and legal framework required to
embrace a new technology.
3.

Any technology involves risk, especially a new
technology, for investors and regulators. SAUCGA
proposes that government proceeds stepwise in
regulating the industry, with for instance:
a. A consultative permitting and licensing
framework with the close involvement of
regulatory staff in the projects, to monitor,
advise, and learn. The regulatory prerequisites
could ratchet up to the levels expected from
known technologies, based on the performance
of the preliminary UCG installations. This will
alleviate the current chicken-and-egg scenario
that has evolved with, for example the Water
Use License, where technology uncertainty
precludes any further development.
b. Financial incentives (such as reduced royalties
and taxes, or tax ‘holidays’) to encourage the
nascent industry to grow.
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The efforts and contributions of other SAUCGA members and
collaborators in the compilation of the SAUCGA Roadmap
must be commended. These are Dr R. Gumbi (Oxeye Energy),
Professor F.B. Waanders (North-West University), Dr M
Blinderman (Ergo Exergy), Mr E. Roberg (African Carbon
Energy), and Ms T. Orford.
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7th Sulphur and Sulphuric Acid
2019 Conference
11–12 March 2019 Conference
13 March 2019 Technical Visit
Swakopmund Hotel, Swakopmund, Namibia

BACKGROUND
The production of SO2 and sulphuric acid remains a pertinent topic in the Southern
African mining and metallurgical industry, especially in view of the strong demand for,
and increasing prices of, vital base metals such as cobalt and copper.
The electric car revolution is well underway and demand for cobalt is rocketing.
New sulphuric acid plants are being built, comprising both smelters and sulphur
burners, as the demand for metals increases. However, these projects take time to plan
and construct, and in the interim sulphuric acid is being sourced from far afield,
sometimes more than 2000 km away from the place that it is required.
The need for sulphuric acid ‘sinks’ such as phosphate fertilizer plants is also
becoming apparent.
All of the above factors create both opportunities and issues and supply chain
challenges.
To ensure that you stay abreast of developments in the industry, the Southern African
Institute of Mining and Metallurgy invites you to participate in a conference on the
production, utilization, and conversion of sulphur, sulphuric acid, and SO2 abatement in
metallurgical and other processes, to be held in March 2019 in Namibia.

OBJECTIVES

WHO SHOULD ATTEND

> To expose delegates to issues
relating to the generation and
handling of sulphur, sulphuric acid,
and SO2 abatement in the
metallurgical and other industries.

The Conference will be of value to:

> Provide an opportunity to
producers and consumers of
sulphur and sulphuric acid and
related products to be introduced
to
new
technologies
and
equipment in the field.
> Enable participants to share
information about and experience
in the application of such
technologies.
> Provide an opportunity for role
players in the industry to discuss
common problems and their
solutions

> Metallurgical and chemical engineers
working in the minerals and metals
processing and chemical industries
> Metallurgical/chemical/plant
management
> Project managers
> Research and development personnel
> Academics and students
> Technology providers and engineering
firms
> Equipment and system providers
> Relevant legislators
> Environmentalists
> Consultants

EXHIBITION/SPONSORSHIP
There are a number of sponsorship
opportunities available. Companies wishing
to sponsor or exhibit should contact the
Conference Co-ordinator.

For further information contact:
Camielah Jardine
Head of Conferencing, SAIMM,
P O Box 61127, Marshalltown 2107
Tel: (011) 834-1273/7
Fax: (011) 833-8156 or (011) 838-5923
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za

Conference Announcement
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Groundwater monitoring during
underground coal gasification
by J.C. van Dyk*‡, J. Brand*, C.A. Strydom†, and
F.B. Waanders‡

The period of monitoring will include:

$-/*+0+
Underground coal gasification (UCG) is a fast-emerging, in situ mining
technology that provides access to low-cost energy through the utilization
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.
The groundwater quality management mission, according to the
Department of Water and Sanitation in South Africa, is set in the context of
the water resources mission and reads as follows:
‘To manage groundwater quality in an integrated and sustainable
manner within the context of the NationalWater Resource Strategy
and thereby to provide anadequate level of protection to groundwater
resources and secure the supply of water of acceptable quality.’
(SABS, 2016).
In this paper we propose fit-for-purpose groundwater monitoring
standards for a commercial UCG operation. It is important to proactively
prevent or minimize potential impacts on groundwater through long-term
protection and monitoring plans.
62!/.,+
Groundwater monitoring, underground coal gasification, national standards.

1. Baseline monitoring before
commissioning and start-up
2. Start-up and commissioning
3. Normal operation
4. Decommissioning or site closure
5. Monitoring after closure.
The proposal includes and will be limited
to the following aspects:
 Groundwater
 Underground coal gasification (in situ
coal mining)
 Monitoring boreholes
 Quality control,
 National standards
 Frequency of monitoring.
The proposal does not include:
 Technical specification of monitoring
well design
 Monitoring well design and location
(only general comments)
 Sampling methodology
 Pollution remediation
 Analytical standard per specific quality
parameter
 Borehole location.

3("./&-,40-'/.)310/-

The purpose of this paper is to set out a
National Standard Proposal to emphasize
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 is directed
solely towards groundwater monitoring during
underground coal gasification (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 flow at the level of the underground
gasifier, referred to as ‘coal water’.
          

Groundwater monitoring for conventional coal
mining in South Africa is well established,
with specific SANS, ASTM, and ISO standards
dedicated for the specific environment,
location, and purposes. Coal mining can have
a major impact on groundwater quantity and
quality. Groundwater monitoring programmes
are thus non-negotiable. The important aspect
is to implement a fit-for-purpose monitoring
programme for the specific technology,
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Groundwater monitoring during underground coal gasification
process, or site location. It is thus important to proactively
prevent or minimize the potential impacts on groundwater
through long-term protection and monitoring plans.
A successful monitoring program is one that (Barnes and
Vermeulen,2007)
(1) Consists of an adequate number of wells, located at
planned and strategic points
(2) Yields sufficient groundwater samples
(3) Follows a dedicated monitoring programme and
quality control standard.
In order to have an efficient monitoring programme and
to avoid unnecessary analysis and costs, it is also critical to
determine upfront which parameters have to be monitored for
the specific process and site conditions.
An overview of the coal industry in South-Africa, the
future energy requirements, and a brief technical discussion
on UCG, is presented to sketch the context of the proposed
groundwater monitoring standard.

  
Coal is globally the most widely used primary fuel,
accounting for approximately 36% of the total fuel
consumption for electricity production. In South Africa, coal
provides approximately 77% of the country’s primary energy
needs (Figure 1). This is unlikely to change significantly in
the next two decades, due to the lack of suitable alternatives.
Globally and in South Africa, coal will continue to be the
most important fossil fuel for energy production, and with the
growing energy demand the demand for coal will increase
(Time for Change, n.d.).
Coal is mined in South Africa by both underground and
opencast methods, with approximately 37% of production
from underground and 63% from opencast mining (Time for
Change, n.d.).
Many of the South-African deposits can be exploited at
extremely favourable costs, and as a result, a large coalmining industry has developed (Department of Energy,
2012). The operations range from collieries that are among
the largest in the world to small-scale producers. A relatively
small number of large-scale producers supply coal primarily
for electricity generation and synthetic fuel production. In
addition to the extensive use of coal in the domestic
economy, approximately 28% of South Africa’s coal
production is exported, mainly through the Richards Bay Coal
Terminal, making South Africa the fourth-largest coal
exporting country in the world.
Technologies to improve coal mining and extraction
techniques have reached their peak, and according to rough
predictions, there is still enough coal for the next 200 years if
extraction continues at today’s rate. This implies that in the
near future the security of coal supplies will not be a concern.
However, recovery of currently unmineable coal resources
may be problematic in the long term because of the economic
and ecological aspects of using this energy resource
(Department of Energy, 2012). Coal utilization has always
increased and forecasts indicate that in the absence of a
dramatic change in policy, this trend will continue in the
future. The IEA thus believes that greater efforts are needed
by governments and industry to embrace cleaner and more
efficient technologies to ensure that coal becomes a much
cleaner source of energy in the future (YEA, 2017).
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UCG is playing an increasingly important role as a cleaner
and more environmentally friendly ‘chemical mining’
technique. This technique enables highly efficient utilization
of the energy and chemical value obtained from the coal
without the need for conventional mining operations,
stockpiling, reclaiming, and transportation. The generation of
mining wastes from overburden, discards, and ash is also
avoided. Furthermore, the much-reduced underground
infrastructure and elimination of the need for personnel to go
underground makes UCG applicable to many deposits that
would otherwise be unsafe to mine, unmineable, or subeconomic (Department of Energy, 2012). The ‘UCG coal
miners’ are essentially ‘chemical’ miners, who work from the
surface using drilling technology to access the coal resource
and transform it into a recoverable reserve. The work
environment is therefore more controllable, and safer. The
shorter coal value chain from the resource in the ground to
end-product enables UCG to produce lower cost energy than
conventional mining.
As a practical illustration, a resource in the Free State
area was reclassified from and Inferred Resource to a
Measured Resource for UCG applications by Africary. An
amount of 3.7 Mt (GTIS) was additionally classified as
Measured, according to SAMREC (2009) and SANS
103020:2004, the South African guides to the systematic
evaluation of coal resources and coal reserves. This serves as
an example of utilizing a reserve that would be unmineable
using conventional techniques, through applying the UCG
process.

   
UCG is a gasification process used to produce gas from coal in
situ (underground in the coal seam) by injecting air or
oxygen, with or without steam, into the seam and extracting
the product gas via wells drilled from the surface. UCG is a
high-extraction mining method utilizing at least two
boreholes (wells) that are drilled horizontally into the coal
seam parallel to one another. Ambient air or air that has been
enriched with oxygen is delivered to the coal seam via one or
more boreholes (the injection wells) and the coal is ignited in
order to start the gasification process. This may be thought of
as a thermo-chemical mining process. The burning front
results in high temperatures (>1000°C) that cause the coal
ahead of the front to effectively reform into gas.
Groundwater, augmented by water added to the injection
borehole if necessary, reacts with the carbon in the coal to
form a combustible gas mixture consisting mainly of carbon

0"&.24 /3%4&10%0310/-40-4'.0(34&(/+4$#3043-,43-44
          

Groundwater monitoring during underground coal gasification
monoxide (CO), hydrogen (H2), and methane (CH4). The
resulting synthetic gas (syngas) can be used to produce
electricity, as well as chemicals, liquid fuels, hydrogen, and
synthetic natural gas (Sourcewatch, n.d.). These gases are
then forced out through a second borehole (the production
well). Ash and other remnants of the coal remain
underground in the gasifier. The gasification of coal in this
manner creates a reduced coal cavity below the surface, the
size of which depends on the rate of water influx from the
water table, the heat content of the coal, the location and
specifications of the injection and production wells, and the
thickness of the coal seam.
This coal reformation takes place at high temperatures,
which are created by the gasification front, and high
pressure, which is caused by the build-up of hot gases in the
underground gasifier. It should be noted that the pressure in
the gasifier will always be lower than the hydrostatic head of
the groundwater at the depth of the coal seam, which will
cause the groundwater to flow slowly towards the gasifier.
UCG has lower environmental and safety impacts than
traditional coal mining and power generation. The technology
eliminates mine safety issues, surface damage, stockpiles of
overburden and discard coal, and solid waste discharge such
as ash dumps, and has lower sulphur dioxide (SO2), nitrogen
oxide (NOx), and particulate (PM10) emissions.
The earliest recorded mention of the idea of underground
coal gasification was in 1868. The first successful test was
conducted by the Donetsk Institute of Coal Chemistry on 24
April 1934 at Lysychansk in the Soviet Union, where a local
chemical plant began using the gas commercially in 1937. A
number of UCG projects were established across the world
after the Second World War, and UCG is now recognized
globally as a technically and economically viable method of
accessing deep, otherwise unrecoverable coal reserves, both
on- and offshore. It has been estimated that UCG technology
could effectively double the energy reserves obtained from
the world’s coal deposits (African Carbon Energy (Pty) Ltd ,
n.d.).
UCG presents certain environmental advantages over
conventional coal mining. By not requiring mining, UCG can
reduce the effects of issues such as acid mine runoff, mine
safety, overuse of groundwater, and land reclamation.
During gasification, approximately half of the sulphur,
mercury, arsenic, tar, and particulates from the coal remain
below surface. UGC syngas also has a higher hydrogen
concentration than syngas produced on surface, giving it a
potential cost advantage when used for electricity generation.
The basic UCG concept, together with the general
gasification reactions (van Dyk, Keyser, and Coertzen2006;
Luckos, Shaik, and van Dyk, 2010) is illustrated in Figure 2.

1. Sulphur is one component in particular that
contributes in a number of ways to changes in
groundwater quality. When water and oxygen come
into contact with a sulphide-bearing mineral such as
pyrite, a reaction resulting in acid mine drainage
occurs. Pyrite reacts with water and oxygen to form
dissolved ferrous iron species, which with time
increase the acidity of the water.
2. Deterioration of groundwater quantity is caused by the
removal of water that has entered the mining
operations. This result in a depression cone (decrease
in hydraulic head) surrounding the gasification zone,
causing dewatering of surrounding aquifers. The
depression cone alters the natural flow of groundwater
through the creation of paths of less resistance, which
results in water entering the mining area.
In developing an analyses list, it is necessary to establish
and define the objectives of the monitoring activity (i.e.
baseline, construction, operational, closure, and post-closure
monitoring). Conventional and UCG process-specific analyses
techniques should be selected. The general chemistry of an
aquifer may be used to monitor changes in the
hydrogeological system surrounding a UCG plant. The
monitoring of the mobility of chemical species, correlating
recharge and flow zones with water quality, assessing the
chemical equilibrium and kinetics of groundwater reactions,
and developing contour maps and graphical plots are thus all
needed to understand the flow and quality of the
groundwater system. Monitoring programmes should include
basic chemistry species analyses (especially important for
ambient and compliance monitoring at larger sites that have
the potential to be influenced by other contaminants),
neighbouring facilities, and groundwater flow paths
(Commonwealth of Pennsylvania, 2001).
Ahern and Frazier (1982) investigated changes in
groundwater quality at various field test sites and in
laboratory experiments. Their report summarizes more than
300 articles and 19 UCG field tests that were in operation or
completed in the 1980s. The most significant findings and
summaries related to UCG groundwater are highlighted.
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Numerous articles on groundwater science, the impacts of
industry on groundwater, and groundwater monitoring have
been published and it is impossible to capture all information
in this paper. However, the most critical and recent views in
the literature related to groundwater and also to UCG are
highlighted below.
According to Barnes and Vermeulen (2007), the coal
industry impacts qualitatively and quantitatively on
groundwater in two main areas:

Groundwater monitoring during underground coal gasification
1. At the Hoe Creek I monitoring network, in the Powder
River Basin, Wyoming, 11 wells were drilled into the
coal aquifer. Water quality samples were taken during
the burn, and 3 days, 83 days, 183 days and
randomly over a 25-month period after the burn.
Analyses for more than 70 inorganic and organic
species were carried out. The following most
significant changes were observed:
a. Ammonium, boron, calcium, bromide, lithium,
cyanide, magnesium, sulphate, potassium, and
phenols showed at least a five-fold increase in
the water in comparison to the baseline case,
both within the burn zone and outside the zone.
b. Other species reported to have increased in the
water samples were barium, lead, organic
carbon, and volatile organics.
Most of the changes occurred within 10 ft (3 m) of the
burn zone and independent of direction.
Concentrations of several species increased over time
at a monitoring well located 10 ft (3 m) from the burn
zone, due to movement of contaminated groundwater
out of the burn zone.
2. The Hoe Creek II monitoring network consisted of 14
wells drilled into the gasified coal cavity and overlying
aquifer. Water quality samples were taken before the
burn, during the burn, and at least five times up to 9
months after completion of the burn (Ahern and
Frazier, 1982). The list of species at Hoe Creek II
which increased in concentration in the groundwater
closely parallels those measured at Hoe Creek I. The
differences in concentration levels between the two
sites can be attributed to differences in coal quality
and rates of gasification.
3. Water quality data from the Hanna sites was obtained
from the Hanna III test, which consisted of 12 wells
drilled into the coal seam and overlying aquifer.
Water quality was monitored before, during, and after
operation (Ahern and Frazier,(982), and the main
findings were summarized as follows:
a. Conductivity and temperature increased over
baseline values in both the coal aquifer and
overlying water aquifer.
b. Sodium and dissolved solids increased in all
wells up to a period of 1 year after gasification.
c. Sulphate and chloride ionic concentrations
decreased in all wells.
d. Aluminium concentrations increased to almost
100 times over the baseline values during the
UCG operation, but rapidly decreased to the
baseline values afterwards.
e. Other elements and compounds that increased
during gasification were boron, copper, iron,
lead, zinc, calcium, ammonia, and sulphate
compounds, in agreement with both Hoe Creek I
and II findings.
4. Water quality tests were also reported for the UCG
tests in Fairland, Tennessee Colony, and the Big
Brown sites in Texas (Ahern and Frazier, 1982). At
the Fairland monitoring network four wells were
drilled into the coal seam, six close-in wells to the
other aquifers and 40 wells at greater distances from
the burn. The water quality was monitored before the
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experiment, at the end of gasification, and also one
year after gasification. The main findings were:
a. Concentrations of all monitored inorganic species
increased during gasification, especially calcium,
zinc, iron, hydrogen, magnesium, ammonium,
manganese, sulphate, mercury, and boron.
b. Phenols were the principal organic species
produced, but high amounts of two- and threering polynuclear aromatic hydrocarbons were
also observed, especially during gasification.
5. In the Huntley UCG pilot operations, New Zealand, the
first and most important conclusion was that there
were no detrimental effects on the groundwater in the
Tauranga Group aquifer by either contamination or
depletion. A spike in the dissolved organic carbon
(DOC) was observed at the coal seam in one well
during a period of high pressure, which reverted to
background levels once the pressure was reduced.
Monitoring wells further away showed no response.
Although a wide range of chemical components were
monitored, changes in DOC proved to be the most
responsive indicator of the effects of gasification
(Dobbs et al., 2014).
Despite similar results from the different sites at which
groundwater has been monitored and specific species
showing general trends, it has to be stressed that a number
of factors can influence these results. The following
information on the specific site has to be taken into account
regarding the effect of groundwater changes.
 Coal type—the coal rank may determine the type and
relative amounts of chemical species produced during a
UCG process; for example, liquid hydrocarbons,
phenols, etc.
 Amount of coal gasified—this may be related to the
amount of chemical species generated.
 Injection agent—the chemical composition of the
atmosphere in which the coal is pyrolised may
influence the types of chemical species formed.
 System pressure—this factor influences the distances
which volatile species can move from the burn cavity
during UCG operation.
 Burn cavity temperature—the temperature affects the
mineralogy of the coal ash in the burn cavity and the
leachability of constituents within the ash.
 Product gas composition—the composition, together
with the cavity temperature, provides a measure of the
ash leachability.
 Gas losses—gases produced by UCG cause changes in
the chemical equilibrium and dissolution of certain
species in the surrounding water.
 Roof collapse—a collapse of overburden into the cavity
can introduce material of different chemical
composition into the gasification hot zone and affect
movement of chemical species.
 Interconnection of aquifers—interconnection through
fracturing, roof collapse, ruptured borehole casing, or
by other means can change groundwater movement
and the movement of chemical species.
The water quality information gathered at UCG sites is
not abundant, but appears to be adequate for developing a
theory that explains similarities and differences in water
          

Groundwater monitoring during underground coal gasification
quality at various UCG sites. Some of the similarities and
differences in water quality may be real, while others are only
apparent. Real differences may result from different
gasification techniques, different coal ranks, different
hydrogeologies, or different baseline water quality.
Well location (not discussed in this paper) is site-specific
and will differ for projects with different aims.
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Groundwater or borehole water is used without treatment for
human and livestock consumption and other agricultural
activities. Groundwater, as a natural source of water, cannot
be directly required to adhere to the specifications of SANS
241-1, but it is recommended that any changes in water
quality due to UCG activities must not decrease 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. In summary,
it is proposed that
 Baseline groundwater quality to be measured and
monitored on a continuous basis
 SANS 241-1 to be used as standard to compare to the
baseline quantity
 Minimum limits to be determined between a
combination of (1) and (2) and the specification to be
set at the determined quality values. Thus, if the
baseline value for a specific property is higher
compared to the baseline for drinking water as
specified in SANS 241-1, then the baseline value will
be set as standard; otherwise the standard stipulated in
SANS 241-1 will be used.
The drinking water parameters according to SANS 241-1
shall comply with the physical, aesthetic, and chemical limits
for lifetime consumption, as specified in Table I.
There are only a few chemical species in water that can
lead to health problems as a result of a single exposure,
except through massive accidental contamination of a

drinking water supply. Moreover, experience shows that in
many, but not all single exposures, the water becomes
undrinkable due to unacceptable taste, odour, and
appearance. Chemicals that cause adverse health effects
include fluoride, arsenic, phenols, benzenes, and nitrate
compounds. Human health effects have also been
demonstrated in the case of lead (from domestic plumbing),
while there is also concern regarding the potential extent of
exposure to iron, manganese, selenium, and uranium. .
These species should be taken into consideration as part of
any risk assessment process (SABS, 2016).
The methods of analysis should be chosen to apply the
necessary limit of quantification of SANS 241 and to be of
the required accuracy and precision (SABS, 2016).
It is proposed that sampling of groundwater be conducted
according to current SANS or ISO standards (Table II).
Laboratory quality control may be conducted according to
the ISO 17025:2005 standard.
Table III summarizes the groundwater monitoring
properties to be measured on each monitoring well (sentinel
and compliance wells) on both the groundwater and coal
water, as well as the measuring frequency.
The SANS, ASTM, or ISO standards listed in Table IV are
recommended for the analyses as specified in Table III and
serve as a guide, but overall laboratory quality control based
on ISO 17025:2005 should be adhered to.

/-(%&+0/-+
The importance of water and the environmental impact that
specific operations may have on groundwater necessitate that
standardized monitoring and rehabilitation programmes be
adopted.
UCG is a fast-emerging in situ mining technology that can
be used to exploit coal resources that are currently not
technically or economically viable by conventional mining
methods. As such it offers significant potential to increase
the world’s recoverable coal resources. The UCG plant
operation, however, has to be performed in an
environmentally responsible manner.

Table I
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Free chlorine
Monochloramine
Colour
Conductivity at 25°C
Odour or taste
Total dissolved solids
pH at 25°C
Cyanide as CNIron as Fe
Lead as Pb
Aluminium as Al
Total organic C
Phenols and benzenes

≤5 mg/L
≤3 mg/L
≤15 mg/L Pt-Co
≤170 mS/m
Inoffensive
≤1200 mg/L
≥5 to ≤9.7
≤70 g/L
≤2000 g/L
≤10 g/L
≤300 g/L
≤10 mg/L
≤10 g/L

Nitrate as N
Nitrite as N
2Sulphate as SO4
Fluoride as F-

≤11 mg/L
<0.9 mg/L
<500 mg/L
≤1.5 mg/L
≤1.5 mg/L
≤300 mg/L
≤200 mg/L
≤500 g/L
≤6 g/L
≤70 g/L
≤0.3 mg/L
≤0.1 mg/L
≤1 g/L

Zinc as Zn
Antimony as Sb
Arsenic as As
Cadmium as Cd
Chromium as Cr
Cobalt as Co
Copper as Cu
Selenium as Se
Uranium as U
Vanadium as V
Bromodichloro-CH4
Dibromochloro-CH4

≤5 mg/L
≤20 g/L
≤10 g/L
≤3 g/L
≤50 g/L
≤500 g/L
≤2000 g/L
≤10 g/L
≤15 g/L
≤200 g/L
≤0.1 mg/L
≤0.06 mg/L

Ammonia as N
Chloride as ClSodium as Na
Manganese as Mn
Mercury as Hg
Nickel as Ni
Chloroform
Bromoform
b
Microcystin as LR

3

3
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a – The health-related standards are based on the consumption of 2 L of water per day by a person of a mass of 60 kg over a period of 70 years.
b – Microcystin needs to be measured only where an algal bloom (> 20 000 cyanobacteria cells per millilitre) is present in a raw water source. In the absence of
algal monitoring, an algal bloom is deemed to occur where the surface water is visibly green in the vicinity of the abstraction, or samples taken have a
strong musty odour.

Groundwater monitoring during underground coal gasification
Table II

$$43-,4 $ 4+13-,3.,+4'/.4+3)*%0-"4/'4)0-243-,4"./&-,!312.

Table III

.2&2-(4/'4)23+&.2)2-14/'40)*/.13-14"./&-,!312.4*./*2.102+4/'40)*/.13-(2
3

./*2.14
1/4)/-01/.

3+2%0-24*2.0/,
4)/-1#+

(

2

.2 "3+0'0(310/-4

*2.0/,

3+0'0(310/-

$#&1 ,/!-4
,
*/+1 "3+0'0(310/-

'12.4+#&1 ,/! 4)/-1#+

Water level

Monthly

Daily#

Daily#

Daily#

3-monthly

pH value

Monthly

Daily#

Daily#

Daily#

3-monthly

Conductivity

Monthly

Weekly#

Weekly#

Weekly#

3-monthly

Total dissolved solids

Monthly

Monthly

3-monthly

Monthly

3-monthly

Total solids and loss on ignition

Monthly

Monthly

3-monthly

Monthly

3-monthly

Total alkalinity

Monthly

Monthly

3-monthly

Monthly

3-monthly

Calcium

Monthly

Monthly

3-monthly

Monthly

3-monthly

Magnesium

Monthly

Monthly

3-monthly

Monthly

3-monthly

Potassium

Monthly

Monthly

3-monthly

Monthly

3-monthly



1026



 

VOLUME 118

          

Groundwater monitoring during underground coal gasification
Table III (Continued)

.2&2-(4/'4)23+&.2)2-14/'40)*/.13-14"./&-,!312.4*./*2.102+4/'40)*/.13-(2
./*2.14
1/4)/-01/.

3

3+2%0-24*2.0/,
4)/-1#+

.2 "3+0'0(310/-4

*2.0/,

(

3+0'0(310/-

$#&1 ,/!-4
,
*/+1 "3+0'0(310/-

2

'12.4+#&1 ,/! 4)/-1#+

Sodium

Monthly

Monthly

3-monthly

Monthly

3-monthly

Colour hazen unit

Monthly

Monthly

3-monthly

Monthly

3-monthly

Turbidity N.T.U

Monthly

Monthly

3-monthly

Monthly

3-monthly

Odour

Monthly

Monthly

3-monthly

Monthly

3-monthly

Carbonate Hardness

Monthly

Monthly

3-monthly

Monthly

3-monthly

Chloride

Monthly

Monthly

3-monthly

Monthly

3-monthly

Sulphate

Monthly

Monthly

3-monthly

Monthly

3-monthly

pH value

Monthly

Monthly

3-monthly

Monthly

3-monthly

Conductivity

Monthly

Monthly

3-monthly

Monthly

3-monthly

Total dissolved solids

Monthly

Monthly

3-monthly

Monthly

3-monthly

Total solids and loss on ignition

Monthly

Monthly

3-monthly

Monthly

3-monthly

Total alkalinity

Monthly

Monthly

3-monthly

Monthly

3-monthly

Calcium

Monthly

Monthly

3-monthly

Monthly

3-monthly

Magnesium

Monthly

Monthly

3-monthly

Monthly

3-monthly

Potassium

Monthly

Monthly

3-monthly

Monthly

3-monthly

Sodium

Monthly

Monthly

3-monthly

Monthly

3-monthly

Colour Hazen unit

Monthly

Monthly

3-monthly

Monthly

3-monthly

Turbidity N.T.U

Monthly

Monthly

3-monthly

Monthly

3-monthly

Odour

Monthly

Monthly

3-monthly

Monthly

3-monthly

Carbonate Hardness

Monthly

Monthly

3-monthly

Monthly

3-monthly

Chloride

Monthly

Monthly

3-monthly

Monthly

3-monthly

Sulphate

Monthly

Monthly

3-monthly

Monthly

3-monthly

Sulphite

Monthly

Monthly

3-monthly

Monthly

3-monthly

Settleable solids

Monthly

Monthly

3-monthly

Monthly

3-monthly

Nitrate

Monthly

Monthly

3-monthly

Monthly

3-monthly

Nitrite

Monthly

Monthly

3-monthly

Monthly

3-monthly

Fluoride

Monthly

Monthly

3-monthly

Monthly

3-monthly

Mercury

Monthly

Monthly

3-monthly

Monthly

3-monthly

Hexavalent chromium

Monthly

Monthly

3-monthly

Monthly

3-monthly

Total cyanide

Monthly

Monthly

3-monthly

Monthly

3-monthly

Phenolic compounds as
phenol and benzenes

Monthly

Monthly

3-monthly

Monthly

3-monthly

Biochemical oxygen demand

Monthly

Monthly

3-monthly

Monthly

3-monthly

Chemical oxygen demand

Monthly

Monthly

3-monthly

Monthly

3-monthly

Total soluble solids

Monthly

Monthly

3-monthly

Monthly

3-monthly

Soap, oil and grease

Monthly

Monthly

3-monthly

Monthly

3-monthly

Sulphide sulphur

Monthly

Monthly

3-monthly

Monthly

3-monthly

Sulphide sulphur

Monthly

Monthly

3-monthly

Monthly

3-monthly

Free and saline ammonia

Monthly

Monthly

3-monthly

Monthly

3-monthly

Kjeldahl nitrogen

Monthly

Monthly

3-monthly

Monthly

3-monthly

Acidity/P-alkalinity

Monthly

Monthly

3-monthly

Monthly

3-monthly

Dissolved oxygen

Monthly

Monthly

3-monthly

Monthly

3-monthly

Oxygen absorbed (permanganate value)

Monthly

Monthly

3-monthly

Monthly

3-monthly

Residual/free chlorine

Monthly

Monthly

3-monthly

Monthly

3-monthly

Bromide

Monthly

Monthly

3-monthly

Monthly

3-monthly

Calcium carbonate saturated pH

Monthly

Monthly

3-monthly

Monthly

3-monthly

Free carbon dioxide

Monthly

Monthly

3-monthly

Monthly

3-monthly

Arsenic, selenium, titanium, aluminium, nickel,
manganese, iron, vanadium, zinc, antimony,
ead, cobalt, copper, total chromium, silicon,
tin, zirconium, bismuth, thallium, beryllium,
cadmium, boron, phosphorus as phosphate,
uranium, molybdenum, barium, silver,
thorium, lithium, (also Ca, Mg, K, Na)

Monthly

Monthly

3-monthly

Monthly

3-monthly
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a – Period before commissioning, drilling or start-up. The current situation.
b – When drilling of wells will start and ignition of coal seam will take place.
c – Normal operating period of the UCG process and gasifier cavity.
d – Period of de-commissioning, cooling and shut-down of gasifier cavity.
e – The period after shut-down when the site is rehabilitated and gasifier cavity out of operation.
# – Variation in pH and conductivity according to ISO 17025:2005 will enforce monitoring on a daily basis until the cause of variation has been resolved or
quality is back to baseline values

Groundwater monitoring during underground coal gasification
(-/!%2,"2)2-1+

Table IV

30%3%243-,4.2(/))2-,2,4$$4$43-,4
$ 4+13-,3.,+41/423%&3124!312.4&3%01
./*2.141/4)/-01/.

$13-,3.,41/4243**%02,

pH value
Conductivity
Total dissolved solids
Total solids and loss on ignition
Total Alkalinity
Calcium
Magnesium
Potassium
Sodium
Colour Hazen unit
Turbidity N.T.U
Odour
Carbonate hardness
Chloride
Sulphate / sulphite
Nitrate / nitrite
Fluoride
Mercury
Hexavalent chromium
Total cyanide
Phenolic compounds as phenol
Biochemical oxygen demand
Chemical oxygen demand
Total soluble solids
Soap, oil and grease
Sulphide sulphur
Free and saline ammonia
Dissolved oxygen
Residual/free chlorine
Bromide
Calcium carbonate saturated pH
Free carbon dioxide
Organic compounds, i.e. phenols
and benzenes
Arsenic, selenium, titanium,
Aluminium, nickel, manganese,
Iron, vanadium, zinc, antimony,
Lead, cobalt, copper,
Total chromium, silicon, tin,
Zirconium, bismuth, thallium,
Beryllium, cadmium, boron,
Phosphorus as phosphate,
Uranium, molybdenum, barium,
Silver, thorium, lithium,
(also Ca, Mg, K, Na).

SANS 5011
SANS 7888
SANS 5213
SANS 5213 and
ASTM D1067
SANS 450, 6265 and 11885
SANS 6265 and 11885
SANS 6050 and 11885
SANS 5198
SANS 375 and 5197
No specific standard
ISO 9963
SANS 163-1 and 374
SANS163-1 and 6310
SANS 5210
SANS 163-1, 10359-1 and 10359-2
SANS 6059
SANS 6054 and 11885
SANS 4374, 6703-1
SANS 6439
ISO 15705
ISO 15705
ISO 21338:2010
ASTM D4281
ISO 6326
SANS 5217
SANS 6047
ISO 7393
ISO 11206
SAN 50897
ISO 10523
ISO 16-128

SANS 376, 11885, 379, 6054,
11885, 6170, 5203, 4374,
382, 5209, 6171, 377 and 383

Numerous studies have been published on groundwater
science, the impact of industries on groundwater quality, and
groundwater monitoring. Using some of these findings, it is
important to develop a groundwater monitoring programme
for UCG sites before the start-up of such an operation.
Groundwater monitoring in the South African mining
industry for conventional coal mining is well established,
with specific SANS, ASTM, and ISO standards dedicated for
the specific environment, location, and purposes. The South
African UCG and gas industries, however, are relatively
unregulated at this stage. South Africa’s groundwater is a
critical resource. Utilization and implementation of
groundwater monitoring standards are thus non-negotiable.
A National Standard has been proposed in this paper as a
fit-for-purpose groundwater monitoring programme for
commercial UCG operations.
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Conceptual use of vortex technologies
for syngas purification and separation
in UCG applications
by J.F. Brand*†, J.C. van Dyk*†, and F.B. Waanders†

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.
Africary’s standard design incorporates a cold gas clean-up system that
relies on relatively mature techniques based on highly effective wet
scrubbers and acid gas removal (AGR) systems such as Rectisol®, but with
the downside of low energy efficiency and waste water generation. In this
paper, novel technologies for removing contaminants and species separation
from the hot (T > 300°C) raw syngas are compared. Comparisons are made
between supersonic gas separation (SGS), Ranque–Hilsch vortex tube
(RHVT), vortex gradient separation (VGS), and inertia vacuum filtering
(IVF), and a vortex-based gas separation concept is proposed for UCG
applications.
C.-A@6?
underground coal gasification, gas cleaning, supersonic gas separation,
Ranque–Hilsch vortex tube, vortex gradient separation, inertia vacuum
filter.

E><@A697<=A>
Impurities in gasification feedstock (coal,
biomass, waste, etc.), especially sulphur,
nitrogen, chlorine, and inorganic mineral
matter, often end up in the syngas and can
cause adverse impacts on downstream
processes. Africary’s standard design
incorporates a cold gas clean-up system that
relies on relatively mature techniques based on
highly effective wet scrubbers and acid gas
removal (AGR) systems such as Rectisol®,
Selexol® or aMDEA®; but with the downside of
low energy efficiency and waste water
generation.
Hot (T > 300°C) gas clean-up technologies
are attractive because they avoid cooling and
reheating of the syngas stream. Some
available warm gas cleaning technologies
include traditional particulate removal devices
such as cyclones, candle filters, membranes,
and molecular sieves. The warm gas
desulphurization process technology
developed by RTI LLC (2018) requires hot
syngas to remove sulphur and has become
commercially ready. Many other hot gas cleanup systems are still under development, given
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the technical difficulties caused by extreme
environmental and operating conditions.
High-temperature syngas cleaning has
been the focus of research for over three
decades (Sharma et al., 2008), but a
scientifically proven and tested technology has
not yet been commercialized. Significant
improvements have been achieved with candle
filters in the past few years (Prabhansu et al.,
2015); however, these conventional warm gas
cleaning technologies have fundamental
limitations due to the intrinsic material
properties of candle filters that cause practical
problems and lead to unacceptable availability.
Sharma et al. (2008) presented the status
of syngas cleaning technologies for particulate
removal systems and reviewed the practical
problems and limitations faced by these gas
cleaning systems. Recommendations were also
made to overcome these fundamental
limitations. Gas clean-up technologies can
generally be classified according to the process
temperature range: hot gas clean-up (HGC),
cold gas clean-up (CGC), or warm gas clean-up
(WGC). There is considerable ambiguity in the
literature around the definitions, and
Woolcock and Brown (2013) propose a more
rigorous classification based on condensation
temperatures of various compounds. CGC
generally describes wet scrubbing processes
(Balas et al., 2014) that operate at nearambient conditions, utilizing water sprays, and
which result in exit temperatures that allow
water to condense and the contaminants either
being absorbed into the water droplets or
serving as nucleation sites for water
condensation (Woolcock and Brown, 2013).
WGC is often assumed to occur at
temperatures higher than the boiling point of
water but which still allow for ammonium

Conceptual use of vortex technologies for syngas purification and separation
chloride condensation. This typically implies a warm upper
limit of temperatures of about 300°C. HGC typically occurs at
temperatures higher than 300°C, at which it is still likely that
several alkali compounds will condense (Hirohata et al.,
2008).
UCG has the potential to produce raw syngas at the
production well on surface that is both hot and at pressure;
ideal for the Fischer-Tropsch (FT) process, which preferably
requires the clean syngas to be at temperatures of >250°C
and pressures >25 atm. The preservation of both temperature
and pressure during gas clean-up will greatly enhance the
efficiency of the overall system. The syngas production
pressure designed for Africary’s Theunissen UCG project is
25 atm., based on hydrostatic pressure modelling, and the
gas will reach the surface with a target temperature of 250–
350°C.
In this study the aim is to address the fundamental
limitations and practical constraints of existing hot
particulate removal technologies. These systems generally
suffer from poor availability caused by factors associated
with tensile strength, the sealing system, thermal transient
behaviour, corrosion, and residual ash accumulation
(Hirohata et al., 2008). These problems can be circumvented
by introducing alternative hot gas separation and/or cleaning
methods such as supersonic gas separation (SGS), Ranque–
Hilsch vortex tube (RHVT), and vortex gradient separation
(VGS) with inertia-vacuum filter (IVF). A vortex-based gas
separation concept is proposed for UCG applications.

!C?7@=:<=A>DA1D1@=7B@.G?D)D?.>8B?D7A><C><DB>6
7A><B4=>B><?
Contaminants generally include particulate matter (mineral
particulates, trace elements, and char), water vapour,
condensable hydrocarbons (oils and tars), sulphur
compounds, nitrogen compounds, alkali metals (primarily
potassium and sodium), and hydrogen chloride (HCl). The
sulphur compounds and CO2 are usually removed by various
adsorption-based acid gas removal systems, but novel
alternatives like the SST, RHVT, and VGS are proposed for
the vortex tube concept for UCG applications.
The major syngas constituents and the predicted
contaminants expected from the UCG production well are
based on experimental work (van Dyk, Brand, and
Waanders, 2014). The results are presented in Table I. Water,
in the form of steam, is removed to dry the syngas by washcooling the gas to below its saturation temperature. This
allows some condensable hydrocarbons like oils and tars to
be removed with the water. Some of the water-soluble gases
like ammonia are also removed during this process. The tars
consist of condensable organic compounds and may vary
from primary oxygenated products to heavier deoxygenated
hydrocarbons and polycyclic aromatic hydrocarbons (PAHs)
(Africary, internal modelling work).
Thermochemical conversion processes generate numerous
tar species depending on the operating parameters, especially
temperature, pressure, heating rate, type and amount of
agent/oxidant, and residence time (Africary, internal
modelling work). A UCG gasifier may yield 1 to 3% (mass
basis) tar; however, regardless of the amount or type, liquid
hydrocarbons like tar and oil are a universal challenge
because of their potential to foul filters, lines, and equipment,
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as well as deactivate catalysts in downstream processes
(Torres, Pansare, and Goodwin, 2007). Although eliminating
all tar and oil is desirable, a more practical strategy is to
simply remove sufficient liquid hydrocarbons at a
temperature lower than the minimum temperature that the
gas is exposed to downstream.
Inorganic compounds and residual solid carbon from the
UCG production well constitute the bulk of the particulate
matter. The inorganic content includes alkali metals
(potassium and sodium), alkaline earth metals (mostly
calcium), silica (SiO2) and alumina (Al2O3), and other metals
such as iron and magnesium (Africary, internal modelling
work). Minor constituents present in trace amounts include
arsenic, selenium, antimony, zinc, and lead (van Dyk and
Keyser, 2014). Most nitrogen contaminants in syngas occur
as ammonia (NH3) with smaller amounts of hydrogen
cyanide (HCN).
Coal from the Northern Free State Basin, South Africa,
which will be used for the Theunissen UCG project, contains
alkali and alkaline earth metals. The alkali metals are
primarily potassium and to a lesser extent sodium, and are
more problematic in syngas applications than alkaline earth
metals due to their higher reactivity and potential to form
substrates with halides like Cl and F.
Table I

'5CD<-AD<.:C?DA1D@B-D?.>8B?D<5B<D7B>D%CD:@A697C6
1@A4D'5C9>=??C>D)D:@AC7<D,1@=7B@.2D=><C@>B;
4A6C;;=>8D-A@$+
<@CB4?
)A4:A>C><?

B-D8B?D*
4A;

B-D8B?D/
4A;

H2
CO
CO2
CH4
C2H4
N2
O2
H2O
H2S + COS

34.5%
46.0%
7.3%
7.0%
0.0%
0.6%
0.0%
4.4%
0.2%

43.1%
27.5%
9.6%
12.4%
0.0%
0.6%
0.0%
6.6%
0.2%

'@B7C

485

Ba
Sb
Cd
Cr
Be
Pb
Mo
Cu
Co
Mn
Hg
Sn
As
Ni
Zn
V
Cl
F

1.3E-19
1.4E+04
2.5E-02
7.4E-20
3.1E-07
2.2E-02
2.8E-14
1.6E-17
8.4E-27
1.2E-26
9.2E+02
9.5E+02
7.6E-01
1.0E-13
7.4E-04
5.8E-14
1.4E+06
2.1E+05

= 9=6?

1.2E-19
1.3E+04
2.3E-02
6.8E-20
2.8E-07
2.0E-02
2.6E-14
1.5E-17
7.8E-27
1.1E-26
8.5E+02
8.8E+02
7.1E-01
9.6E-14
6.8E-04
5.4E-14
1.3E+06
1.9E+05

$85

Tar
Oil
Naphtha

310
305
160

290
280
145

          

Conceptual use of vortex technologies for syngas purification and separation
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When a UCG plant is operated in a stable and correct manner,
much less particulate and mineral matter is produced in the
raw syngas compared to conventional gasification operations
and only a small amount of particulate removal is required.
However, the raw syngas may still contain a lot of moisture,
tars, and oils, requiring removal. CGC relies on mature
techniques, like wet scrubbers, that are decidedly effective
but generate waste water and have poor energy efficiency
and a large environmental footprint.
The level of cleaning that is required is based on the
downstream consumer’s technology requirements, fuel
specification, and emission standards. For Africary’s UCG
polygeneration (power and diesel fuel) design, the cleaned
syngas product specification is defined by the feed
specification for the FT process vendor (Table II), and/or the
gas engine vendor (Table III).
The liquid fuel products produced by the FT unit must
follow the Euro-5 specification, as required by South African
legislation, therefore removal of HCN, NH3, Hg, Sb, Sn,
sulphur compounds, metals, halogens (Cl and F), and several
other trace components is required (Prabhansu et al., 2015;
correspondence with several FT process licensors). The
syngas clean-up system must dry the raw syngas and
effectively capture (> 99.9%) all the trace elements listed in
Table I, as well as remove all particulate matter. It also needs
to effectively separate (> 99.99%) acid gases like H2S, COS,
and CO2 from the syngas, with an availability factor above
98%.
Separating at least 85% of all the H2 and CH4 from the
raw gas 1 stream to augment the H2:CO ratio of raw gas 2
stream is highly desired. As a second step, CO2 separation
from sulphur and capturing the sulphur either as organic or
sulphuric acid will be desirable.
          

)A;6D8B?D7;CB>9:DFD-C<D?7@9%%=>8
The cold gas clean-up (CGC) system is the predominant gas
treatment technology chosen for UCG in combination with
gas engines due to its proven reliability (Balas et al., 2014).
For the Africary Theunissen UCG process design, a cyclone in
combination with a wet scrubber system can be implemented
for power generation. The system will recirculate and cool
water to remove the moisture, tar, oil, and particulates by wet
scrubbing and may include lime dosing as sulphur adsorbent
and pH control (National Lime Association, 2007; Wang,
Pereira, and Hung, 2005).
Table II

A?<D7;CB>9:D?.>8B?D?:C7=1=7B<=A>?D1A@D('
,@B%5B>?9D&2D/0*"D7A@@C?:A>6C>7CD-=<5
?C3C@B;D('D3C>6A@?
)A4:A>C><?D:@A:C@<=C?

=4=<D3B;9C

Heavy metals

< 1 ppmw

Silica

< 0.1 ppmw

O2

< 1 ppmw

Halogens as H-X (HCl etc.)

< 5 ppbw

Alkali metals

< 10 ppbw

Soot/dust/solids

< 1 ppmw

Tars and aromatic components

< 1 ppmw

Nitrogen compounds, including NH3,
HCN, and amines

< 10 ppbc

Sulphur (including H2S and organic sulphur)

< 5 ppbw

CO

> 30%

H2 +CO

> 60%
H2O: saturated at syngas
temperatures up to 50°C

Wet gas dew point

Table III

B?DC>8=>CD19C;D8B?D?:C7=1=7B<=A>?D,@B%5B>?9D
&2D/0*"DB;B?D&2D/0*"D75C=%>C@DB>6D A;<C@?2
/00/"D7A@@C?:A>6C>7CD-=<5D?C3C@B;D8B?DC>8=>C
3C>6A@?+
)A4:A>C><?D:@A:C@<=C?

=4=<D3B;9C

Sulphur

< 1 200 ppmv

Hydrogen sulphide equivalent

< 1 500 ppmv

Total sulphur compounds

< 57 mg/MJ or 2000 mg/10kWh

O2

< 2% v

C4 and higher

< 2% v

H2

< 40% of total LHV

Gas humidity

< 60%

Wet gas dew point

> 15°C below gas temperature

Silicon and siloxanes

< 0.56 mg/MJ or 0.2 mg/10kWh

Chlorine equivalent

< 3.5 mg/MJ or 400 mg/10kWh

Ammonia

< 1.5 mg/MJ or 55 mg/10kWh

Oils and tar

< 1.19 mg/MJ or 5 mg/10kWh

Particulate matter (soot, dust, ash)

< 1–3 μm and
< 0.8 mg/MJ or 50 mg/10kWh

Calorific value (CV)

4.7–7.6 MJ/ Nm3

Temperature

< 40°C

Pressure

< 200 mbarg
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Common issues with particulate matter are fouling,
corrosion, and erosion, which cause efficiency and safety
concerns if not removed or addressed before syngas
processing. For example, due to the inclusion of gas engines
and compressors in the Africary Theunissen UCG plant, the
particulate content must be reduced to below 1 mg/m3.
Particulate matter is classified according to aerodynamic
diameter. For instance, PM10 denotes particles smaller than
10 μm, and PM1 particles smaller than 1 μm (Federal
Remediation Technologies Roundtable, 2016). It is common
practice to remove particulates of a certain size to below a
given level, as indicated in Tables II and III.
Alkali compounds reaching the surface in the form of
chlorides, hydroxides, and sulphates can cause substantial
fouling and corrosion in downstream processes. Chlorides are
the predominant halide in syngas, usually in the form of
hydrochloric acid (HCl). Chlorine in coal occurs as alkali
metal salts, which readily vaporize at the high gasification
temperature and react with water vapour to form HCl.
Substantial hot corrosion can occur, and reactions can also
occur between HCl and other contaminant species in the gas
phase, which can generate compounds such as ammonium
chloride (NH4Cl) and sodium chloride (NaCl) which cause
fouling in downstream equipment upon cooling.

Conceptual use of vortex technologies for syngas purification and separation
To minimize the wet scrubbing thermal penalty for FT,
Africary will utilize a dual-stage cooling process, whereby the
syngas will be cooled to approximately 150°C in the first
stage before being introduced to the warm gas
desulphurization (WGD) system. A portion of this syngas will
be used as the fuel gas stream and further wash-cooled in a
second stage to 80°C. An additional trim water cooler will
ensure that the fuel gas meets gas engine vendor
requirements of < 40°C (Clarke Energy, 2016 personal
communication). Wet scrubbing technology is considered the
norm and state-of-the-art, as it deals with most of the
condensable liquids and particulates. However, it only
removes portions of the gaseous contaminants and does not
perform any gas separation, and will therefore have to be
used in conjunction with a separate acid gas removal (AGR)
system. Further cooling of the syngas in the AGR system
may reduce the temperature to as low as –62°C (the
condensation point of chilled methanol) and the syngas must
be heated afterwards.

B@4D8B?D7;CB>9:D
Warm and hot gas cleaning technologies are attractive to
avoid cooling and reheating of the gas stream as required for
CGC. Existing technologies for gas cleaning at warm
temperatures (< 300°C) include cyclones, candle filters (for
removing solid contaminants), molecular sieve membranes
(for gas separation), and sorbents (for removing sulphurcontaining compounds (RTI LLC, 2018).


Carbon molecular sieve membranes are in development for
the separation and purification of hydrogen from syngas. The
potential benefits of high-temperature gas separation and
membrane reactor processes are substantial; however,
commercialization still remains elusive. A major technical
barrier is the lack of robust inorganic membranes and fullscale modules that are suitable for use at the hightemperature and high-pressure conditions required (Parsley
et al., 2014). According to a supplier, hydrogen seems the
most suited for gas separation with molecular sieves;
however, the gas must be free from all sulphur-containing
compounds, making it infeasible for raw syngas processing.

 
Despite decades of research with metallic filters (Sharma et
al., 2008), the materials have achieved only limited
commercial success due to a natural correlation between
porosity, mechanical strength, and thermal conductivity.
Increasing the porosity of the material to increase the
filtration area leads to a decrease in mechanical strength.
This is a fundamental limitation for candle filters. An
increase in the porosity increases both the filtering rate and
surface area (m2/g), but decreases the mechanical strength
and thermal conductivity and accelerates the corrosion rate.
Significant improvements in candle filters have been
achieved in the past few years (Prabhansu et al., 2015);
however, the reliability of these systems has never been
successfully tested in a commercially integrated gasificationbased system environment. From the literature (Swanson and
Hajicek, 2002; Guan et al., 2008), it is evident that most
candle filters have operated for only a short period of a few
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thousand hours at 400°C, although they last much longer at
lower temperatures of around 285°C (Scheibner and Wolters,
2002) in a coal gasification environment. Even the use of
exotic state-of-the-art metals and ceramics has provided only
limited success. The failure of candle filters after a short
period of operation leads to an uneconomical plant
availability factor and higher operating cost than for CGC and
they are therefore not widely used.
Warm-temperature candle filter technology deals with
most of the particulates; however, it removes only a portion
of the contaminants and does not remove any condensable
liquids or alkali metals, nor does it perform gas separation,
and it will therefore have to be used in conjunction with a
separate AGR and CGC wet scrubber system.

A<D8B?D7;CB>9:

A theoretical approach by Sforza, Castrogiovanni, and Voland
(2012) shows that supersonic gas separation (SGS) has
promise as a robust method for hot separation of fuel species
(CO, CH4, and H2) from H2O, CO2, and H2S obtained from
coal-derived syngas. They performed calculations based on
general Lurgi-based gasification syngas input (31 atm.,
450°C and 210 000 Nm3/h) for a concept that performs
segregation by condensation of some of the gases.
This process is illustrated in Figure 1. A particulate-free,
hot, wet syngas enters a chamber with an arrangement of
static blades or wings, which induce a fast swirl in the gas.
Thereafter the gas stream flows through a Laval nozzle,
where it accelerates to supersonic speeds and undergoes a
pressure drop to about 30% of feed pressure. Supersonic
isentropic expansion results in a rapid decrease of
temperature (–80°C to –115°C) and pressure, leading to the
sequential condensation (and/or solidification) of H2O, CO2,
H2S, NH3, HCN, and COS, which form a fine mist including
some liquid hydrocarbons (Secchi, Innocenti, and Fiaschi,
2016) like ethane, propane, and butane. The mist droplets
agglomerate to larger drops, and the swirl of the gas causes
cyclonic separation.
The dry gas, consisting of H2, CO, N2, CH4, and Ar,
continues through the separator, while the liquid phase,
together with some slip gas (about 15% to 30% of the total
stream), is separated by a concentric divider and exits the
device as a separate stream. In the final section both streams
are diffused back to subsonic conditions; the gas is slowed
down and about 50% to 80% (Netušil and Ditl, 2012) of the
feed pressure and temperature (depending on application) is
recovered.

(=89@CD*#75C4B<=7D6=B8@B4DA1D<5CD?9:C@?A>=7D8B?D?C:B@B<A@D1A@
>B<9@B;D8B?D6C5.6@B<=A>D,C<9 =;DB>6D!=<;2D/0*/+D
          

Conceptual use of vortex technologies for syngas purification and separation


The RHVT is a mechanical device with no moving parts that
separates ambient temperature compressed gas into hot and
cold streams. The gas emerging from the ‘hot’ end can reach
temperatures of 200°C, and the gas emerging from the ‘cold’
end can reach −50°C. Pressurized gas is injected tangentially
into a swirl chamber and accelerated to a high rate of
rotation. A conical nozzle at the end of the tube allows only
the outer shell of the compressed gas to escape at the hot
end, while the remainder of the gas returns in a smaller inner
vortex within the outer vortex towards the cold end.
The working principle (see Figure 2) can be approximated
as follows (Xue, Arjomandi, and Kelso, 2013).
(1) The adiabatic expansion of the incoming gas cools
the gas and turns its heat content into kinetic energy
of rotation while the total enthalpy is conserved.
(2) The outer rotating gas flow moves towards the hot
end outlet. The kinetic energy of rotation allows for
friction and turns into heat by the means of viscous
dissipation, and the temperature of the gas rises to
higher than that of the incoming gas.
(3) A portion of the gas exits at the cold outlet and obeys
the traditional notion (the Joule-Thompson effect) in
that temperature drops with a decrease in pressure.
(4) Heat is transferred between the quickly rotating outer
flow and the opposite, slowly rotating, smaller
internal axial flow, allowing for heat transfer from
the cold to the hot vortex. A zone of no mixing exists
between the two, allowing separation based on
temperature.

(=89@CD/#(;A-D?<@97<9@CD=>?=6CDBD B> 9C=;?75D3A@<CD<9%CD,C<9 =;
B>6D!=<;2D/0*/+
          

The literature shows (Linderstrom-Lang, 1964, 1966)
that partial separation of the components of a gas mixture
occurs when it is passed through a RHVT. Marshall (1976)
confirmed this effect using different gas mixtures and
different sizes of tubes. He also studied the effect of reduced
inlet and outlet pressures and found that if the outlet
pressure is substantially below atmospheric, the separation
factor is higher than the predicted correlation he derived
(Marshall, 1976). This suggests that the performance can be
improved by operating the vortex tube at vacuum pressure,
which is also described further in the VGS technology
description and indicates that the cut ‘’ at which the peak
separation appears was generally at about 0.4, but varied for
different settings between 0.2 and 0.6 (Wikipedia, 2018).
This means that a RHVT can generally double the feed
percentage of light species to the light side and double the
heavy species to the heavy side. However, as a pure
separation system the RHVT had poor performance and could
only achieve an  value of approximately 1.025, indicating a
very low separation efficiency. This led to more focused
research on the heat separation capability of an RHVT than
on the gas species separation capability.
In the late 1990s renewed interest in the technology was
shown, with more focus on cryogenic air separation for space
transportation and new work yielded a promising 80– 85%
oxygen enrichment with a recovery in the 30–36% range
(Binau, 1997), but also poor results using an oversized
RHVT (Spracklen, 1998). Balepin, Rosshold, and Petley
(1999) claimed that the best performance for air separation
occurred with a 68% O2 concentration, with a 38% recovery
factor and highest concentration of 85–90% O2 but with only
a 7–10% recovery factor.
Kulkarni and Sardesai (2002) studied the application of a
RHVT to enrich the methane concentration in gas from
production wells. The experiments conducted on separating
CH4 from N2 confirmed that gas separation does occur in a
vortex tube. The inlet pressure was found to be the most
dominant factor affecting separation, and the maximum
separative power attained was 5.5 × 10+7 kg.mol/min.
Farouk, Farouk, and Gutsol (2009) simulated
temperature, pressure, mass density, and species
concentration fields within the vortex tube and found that
even though a large temperature difference was obtained,
only minuscule gas separation occurred due to diffusion
effects. An investigation of the correlations between velocity,
temperature, and species mass fraction revealed that the
inner core flow has a large Eddy heat flux and Reynolds
stresses that adversely influence the gas separation
efficiency. Dutta, Sinhamahapatra, and Bandyopadhyay
(2011) supported this finding, and observed that although
the separation of air into its main components (oxygen and
nitrogen) occurred, the separation effect was very small and
the process of species separation was driven mainly by Soret
diffusion. It is, however, notoriously difficult to separate
streams like air, where the components have very similar
molar mass densities. The accurate measurement of O2 and
N2 concentrations is also difficult to manage and may require
specialized set-up and calibration conditions.
More recent research has indicated encouraging
performance for a RHVT. Chatterjee, Mukhopadhyay, and
Vijayan (2017) developed and published a one-dimensional
VOLUME 118
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Such mechanical separators have no moving parts and a
very small environmental footprint. However, the commercial
use in drying natural gas from wells that inherently provide
gas at very high pressures and modest temperatures is far
different from the hot syngas cleaning proposal of Sforza,
Castrogiovanni, and Voland (2012). In practice, the presence
of any particulate matter in syngas travelling at supersonic
speeds will result in a high probability of erosion, and further
problems like hydrate plugging, flow rate inflexibility, and
narrow turndown ratio (Haghighi, Hawboldt, and Abdi,
2015) have been reported. Furthermore, Netušil and Ditl
(2012) stated that a 27.6% pressure loss is required for a
separation efficiency of 90% moisture and > 50% for > 95%
separation, showing diminishing returns for deep cleaning
and recompression of the syngas might be required.
Condensing diverse gas mixtures into sizeable drops for
accumulation and separation remains commercially untested,
but Theunissen et al. (2011) proposed a rotational particle
separator device to assist nucleation to reach the required
size for cyclonic separation (> 15 μm).

Conceptual use of vortex technologies for syngas purification and separation
mathematical model that can compute mass transfer based on
inlet pressure, temperature, inlet concentration and flow rate
and outlet pressure, temperature, and flow rate. This model
can be used for rapid design and simulation of species
separation in an RHVT. The model considers simultaneous
heat and mass transfer in a RHVT. A set of experiments was
carried out with three vortex generators of different capacities
to validate the mathematical model. Using the largest unit at
a flow rate of 0.26 m3/s the oxygen concentration was
boosted from the normal 21% to almost 28% for an  > 1.45
with recovery in the 10–15% range. If this performance can
be repeated with a feed stream containing species with large
variation in molar mass, then the level of separation may well
be in the commercial application range for a UCG flow
scheme; where the pressure has to be let down anyway and a
slight increase in temperature could easily be accommodated
by the trim cooler.
Brand and Esterhuyse (2018) conducted similar
experiments with air using a commercial RHVT. Their results,
as shown in Table IV, indicate that separation of air occurred,
but the calculated error of ±3% limits the accuracy of the
measurement. Each sample was run twice, and the averages
are reported in Table IV. The control sample of atmospheric
air was run eight times, while a 95% confidence interval was
used to determine an error of ±3%. The gas chromatograph
used could measure the N2 content of a sample with an
accuracy of ±0.1%; however, O2 and Ar were combined in a
single measurement.
The first samples taken (C1 and H1 at 25% cold side
flow) provide the expected O2 decrease at the cold side
(±0.5%) and increase of O2 at the hot side of about 1.6%.
However, the best results of about 2% increase in O2 at the
cold side of the RHVT and about the same increase of ±2% N2
at the hot side in the second samples, using a smaller 10%
flow at the cold flow orifice, was unexpected. This runs
counter to the initial assumption that the heavier O2
molecules will concentrate at the hot end while the lighter N2
molecules will concentrate at the cold end.

 
A vortex gradient separator (VGS) has no moving parts, and
a series of guide vanes/static blades induces a fast swirling
vortex in the outer gas, surrounding a central core that
passes thorough nozzles and diffusers that separate dirty flue
gas or raw syngas into three streams (Chentsov, Beloglazov,
and Korsakov, 2009). Figure 3 shows a schematic drawing of
a VGS.

A dirty gas stream, comprising a mixture of gases, is fed
into the inlet parabolic nozzle (1), consisting of sections ‘’
and ‘’, where the flow is accelerated and the outer gas
tangentially accelerated by internal guide vanes/static blades
(2). The outer gas flow is accelerated and rotated, while
preserving its laminar flow structure by implementing a
constant area change (dA/dL), and by steadily increasing the
tangential and axial acceleration. The constants for area
change are determined experimentally, depending on the gas
stream properties (temperature, viscosity, density), but
should not exceed Re 100 000. The gas then enters section
‘’, for laminar acceleration in a parabolic nozzle (3), again
under constant area change. The gas then enters the vortex
diffuser (4), where the rotation is accelerated, while the axial
speed is decreased to perform initial separation. This
separated gas is then again axially and tangentially
accelerated in a paraboloid nozzle (5) and finally fed to a
separation diffuser (6), a concentric divider where the stream
is cut into light (7), medium (9), and heavy fractions (8).
The laminar vortex induces a higher pressure at the
periphery, which allows heavy gas components such as
sulphur dioxide to accumulate and collect in layers and the
solid particles to coagulate in the centre (Figure 4)
(Korsakov, 2010). Thus, it becomes possible to remove heavy
acidic and toxic gas components with the simultaneous
withdrawal of any suspended particles and vapour from a
dirty gas source.
Chentsov, Beloglazov, and Korsakov (2011) described the
gas dynamic flow formed in the VGS as ‘fast rotating’ with
‘negatively-strained intermolecular bonds’ with the following
qualities. (1) The available kinetic energy (the molecularkinetic motion of the gas molecules) is constrained. (2) The
suspended particles transported by the gas are concentrated
in the central zone of the channel in the form of a dust ‘core’.

Table IV

C?9;<?D1A@D<5CD  'DB=@D?C:B@B<=A>D<C?<D,@B>6DB>6
?<C@59.?C2D9>:9%;=?5C6D-A@$+
B4:;CD>94%C@
Control (air)
C1
H1
C2
H2

D,4A;&+

D,4A;&+

'A<B;D,4A;&+

22.3
21.8
23.9
24.1
22.8

75.9
76.0
77.0
75.9
77.6

98
98
101
100
100

(=89@CD#D<.:=7B;D3A@<CD8@B6=C><D?C:B@B<A@D,)5C><?A32DC;A8;B A32DB>6DA@?B$A32D/00+D
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Conceptual use of vortex technologies for syngas purification and separation

Dust and aerosols are transported into the core from the
rotating gas volume with the smaller size particles closer to
the centre. (3) The VGS divides a gas mixture into its
molecular components, based on their molecular weight and
density, in the cross-section of the swirling channel, and the
heavier gas components (like SO2, CO2, etc.) are distributed
and collected in the peripheral zone.
In fluid dynamics, a negative pressure gradient, also
called an adverse pressure gradient (APG), occurs when the
static pressure increases in the direction of the flow. This is
mathematically expressed as dP/dx > 0 for a flow in the
positive x-direction. This is achieved by over-expanding a
compressed gas into this ‘negatively-strained’ state. Gas in
this state has many features that do not fit into the
traditional molecular-kinetic theory, as the gas is basically
flowing ‘uphill’ in the direction of the high pressure. This has
an important impact on boundary layers, as increasing the
fluid pressure is akin to increasing the potential energy of the
fluid, leading to a reduced kinetic energy and deceleration of
the gas while preventing laminar separation.
The principle observations associated with gas flow in an
APG are (Korsakov, 2010):
1. In an APG, an axial gas flow accelerating in a
converging nozzle maintains its laminar structure
while transforming its potential energy into a laminar
vortex.
2. If two streams containing dispersed dust particles in
the ‘over-expanded state’ intersect, then the particles
transfer to the jet with the highest velocity.
3. If a high-velocity gas stream travels over a large
stationary gas volume separated by small slots, this
large stationary gas volume acts as a ‘sump’ for
suspended particles.
4. The thermal conductivity of the gas rises sharply.
The thermal conductivity of air is usually 0.030–
0.035 W/mK, but for air in a negative-stressed state
it increases 10 000-fold to 340–420 W/mK. Rank's
effect also becomes more pronounced, i.e. the effect of
the temperature distribution over the channel crosssection, decreasing the temperature in the centre of the
channel cooler while increasing it at the periphery.
5. The heat transfer coefficient also increases 100-fold
(gas to the separator wall) from the usual range of
20–60 W/m2K, to 2500–3000 W/m2K.
          

1. A near-axial flow is swirled around the central axis
and moves along it in the shape of a twisting and
narrowing core.
2. A peripheral flow is swirled around the central axis (in
the shape of a spiral) and moves more slowly down
the axis of the gradient separator, resulting in the
presence of a counter-return flow.
3. Pulsation occurs due to the high tangential velocity
and radial pressure drop, resulting in cooling of the
central/axial gas flow and heating of the peripheral
flow, thus providing for the simultaneous
concentration of lighter components.
4. Thermal energy fluxes result due to micro-cooling
cycles of radial turbulent flows.


The same APG principles that are used to separate dust
particles and light gases in the VGS can also be used as a
filter mechanism to filter micrometre-sized particulates from
a gas. Moiseev et al. (2016b) evaluated an inertia vacuum
filter (IVF) for removing particles from coal mines ventilation
air. The unit was designed to clean a volume of 200 000
Nm3/h, using 500–570 kW/h. The particle removal efficiency
was about 99.8% with the minimum size of the collected
particles being 1 μm. In this device, gas containing dust
particles is sucked/vacuumed through an accelerating nozzle
(stream A in Figure 6).
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(=89@CD#)@A???C7<=A>DA1D<5CD8@B6=C><D?C:B@B<A@D75B>>C;D?5A-=>8
6C>?=<.D3B@=B<=A>D,A@?B$A32D/0*0+D

The first two effects mentioned can be observed in nature
where a ‘dust devil’ forms a funnel-like chimney that sucks
dust particles into the centre of a vortex. A numerical
simulation by Gu et al. (2006) based on an advanced dustdevil-scale, large-eddy simulation model verified that the
horizontal inflow vortex could entrain solid particles and
carry them into the vertical swirling wind field. Another
trend identified was for the fine dust grains to rise along the
inner helical tracks, while the larger dust grains were lifting
along the outer helical tracks.
CFD modelling (Chentsov, Beloglazov, and Korsakov,
2011) shows the formation of a stable central vortex entering
the separator nozzle. The peripheral rotation was estimated
at around 3000 r/min, while the rotation around the core
reaches 100 000 r/min.
The Russian student website Studopedia (n.d.) provides
insights into the working principles of the VGS as follows.
An APG provides an inertial seal by increasing the strain of
the gas to provide a contracting laminar vortex. This allows
the density of the stream to increase towards the centre axis
and to exceed the relative particle density. This allows any
particulates to float on the gradient flow surface, creating a
constant dust layer in the centre of the VGS channel.
Arguably the most detailed description of the principles of
the VGS was published by Moiseev et al. (2016a). The focus
of this paper was on separating less than 0.5% methane from
a mine ventilation gas flow by recovering the methane in
concentrations of up to 80%. The authors further explain that
the separation of the gas and dust flows within a VGS occurs
towards the axial direction, due to the generation of several
vortices including countercurrent flows, with sharp decreases
in tangential velocity as can be seen in Figure 5. The CFD
studies of a methane-dust-air mixture revealed the following
features (see Figure 5) (Moiseev et al., 2016a).

Conceptual use of vortex technologies for syngas purification and separation

(=89@CD#)(!D4A6C;D,A=?CC3D&2D/0*B+D?5A-=>8D<5CD?B4CD7A9><C@79@@C><D3A@<CD1A@4B<=A>DB?D6C?7@=%C6D1A@D  'D,!9<<B2D=>5B4B5B:B<@B2DB>6
B>6.A:B65.B.2D/0**+

(=89@CD#75C4B<=7D=;;9?<@B<=A>DA1D<5CD:@=>7=:;CDA1DB>D=>C@<=BD3B7994
1=;<C@D,)5C>.?A3D&2D/00"DA@?B$A32D/0*0+

The area ‘F1’ of the accelerating nozzle is smaller than
the cross-section of the exit ‘F2’ and the velocity of the gas
increases and expands in this section as the gas goes into an
AGP state. The dusty input stream passing through the crosssection of F1 has a greater velocity than the stream in the
cross-section of F2 and therefore the particles in this stream
also have a higher velocity (greater kinetic energy), which
allows them to overcome the drag force of slower exiting
stream B (as the suspended matter from the two intersecting
jets will be captured by the jet that moves fastest). This
allows for two jets of APG gas to intersect and for the output
stream to permeate the inlet stream with its particles and for
the suspended particles to become trapped inside the
circulating stream C.
While the two-phase gas circulates inside the rotary
chamber (4), it passes over a precipitation grille (item 5 in
Figure 6). This process creates an aerodynamic trap whereby
particles can enter the rotary chamber of the device, but
cannot exit and eventually settle in the collecting chamber
(6). The gas circling the rotary chamber also becomes a
highly efficient filter, consisting of layers of gas acting as
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layers of filtering material. About 2–3% ultra-fine particles
may accumulate in the rotating C stream, but eventually they
also coagulate and fall into the collecting chamber.
Chentsov, Beloglazov, and Korsakov (2009) successfully
tested a VGS combined with an IVF at the Ekibastuz coal
power plant that removed fly ash with a particle size of 5–
100 μm. The installation had a capacity of 15 000 m3/h and
was equipped with measuring equipment with a
measurement accuracy of ±0.1 g. Forty-five tests were carried
out with up to –35 mbar vacuum, which achieved filtering of
up to 99.25% of all particles, and with the latest upgrades
operating at 99.99%. Korsakov (2010) stated that the
installation had been in operation for 4 years. Chentsov and
Barsukov (2011) also tested an IVF device was at the
Pavlodar power station boiler. Here, the device placed
between the second stage economizer and the air pre-heater
achieved 65 to 70% dust removal down to 1 μm.

)5B@B7<C@=?<=7?DA1D3A@<CD?C:B@B<=A>D1A@D)
Several dusty and wet syngas clean-up technologies have
been considered for raw (wet and dirty) UCG syngas at
different implementation temperatures, and these are
summarized in Table V.
The incorporation of HGC based on vortex gas separation
with IVF may provide both particle separation and gas
separation directly from a UCG production well. The
advantages of such a hot, wet, and dirty gas clean-up system
in combination with RTI’s Warm Gas Desulfurization process
can provide for efficient syngas clean-up for clean coal power
generation. This process can further be combined with
deeper acid gas removal, and control of the carbon to
hydrogen ratio may allow the efficient blending of syngas
produced by different UCG operating regimes to supply a
cost-effective FT syngas for polygeneration operations.
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Table V
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Cold

Warm

'.:C
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Mature. State-of-the-art and widely used. Removes all
liquids, tars, solids. Adsorbents can remove all acid
gases to ppb level. Low pressure drop.

Expensive, generates waste water, and has poor energy and thermal
efficiency. Reheating of syngas required. Large environmental
footprint.

Cyclone

Cheap. Modest pressure drop. Works well to
remove large particles.

Cannot remove ultra-fine particles or liquids. Prone to fouling.
No gas separation.

Candle
filter

Can remove very-fine particles from dry gas.

Poor reliability. Cannot remove or tolerate tars and liquids. No gas
separation. Expensive and uses exotic materials. Moderate pressure drop.

Can separate clean gases.
Can commercially separate H2 and CO2.

Very low sulphur tolerance. Requires very clean and dry gas.

Removes sulphur compounds at high temperature.
Can tolerate and remove minor trace metals and
particulates. Low pressure drop.

All liquids must be removed below the operating dew point. Cannot
remove CO2 or condensable liquids.

Commercialized for NG separation. Removes acid
gases to % level. No moving parts. Possible removal
of liquids, tars, solids.

May be damaged by particles. Can foul quickly.
Not experimentally proven on syngas.

Cheap.
No moving parts.
Modest separation of light species from heavy species.
May provide cooling/heating option.

May be damaged by particles or liquids. Can foul quickly. Moderate
pressure drop. May create additional cooling or heating demand. Very
low separation factor and gas must be cascaded and recompressed for
high separation values. Not commercially tested as a separation device.

Wet
scrubbing

Molecular
sieve
Hot

RTI’s WGD

SGS

RHVT

VGS

Removes all liquids, tars, solids. Separates light species
Modest vacuum compressor demand. Requires independent verification
from heavy species. Separates acid gases and light gases of published results.
to % level. High separation factor. Commercially tested.

IVF

Can remove ultra-fine particles.
Low pressure drop.
Commercially tested.

@A:A?C6D)DB::;=7B<=A>
A conceptual novel UCG gas clean-up and separation unit
design based on a VGS, cleaning raw syngas directly from the
UCG production well is proposed. The concept will allow the
hot and efficient separation of syngas into its useful
components, together with partial cleaning for further gas
utilization. As the UCG production well is pressurized the use
of an axial flow pressure regulator will be required. This
device must control the upstream flow in such a manner that
the downstream compressors can vacuum the gas and allow
the implementation of an APG of about 50 mm H2O over the
vortex separator and the filters. This modest vacuum
requirement implies that the syngas well pressure is not
reduced and that the power demand is kept relatively small
compared to the total production plant requirements.
In a second step (see Figure 7) the incoming gas is
separated and an initial vortex created by a stationary guide
vane. The addition of a portion of recycled pure gas by a
cyclone injector will impart significant tangential velocity to
the outside of the incoming raw gas.
In a third step/chamber, the spinning gas will be allowed
to intersect with the central dusty core (as described in the
CFD studies), which will allow the transfer of dust to the
central axial flow of light gases (mainly H2 and CH4), to be
removed by the dust exhaust in the ’particle separation’ step.
This gas may be cooled with a steam-generating heat
exchanger to protect the downstream vacuum compressors.
Before the cooled gas is fed to the compressors it is passed
through an IVF system or a CGC wet scrubbing system that
will remove any condensable liquids and dust. This washed
light fraction will be used for H2:CO ratio control in the FT
process.
          

May foul quickly from liquids. Modest vacuum compressor demand. No
gas separation. Requires independent verification of published results.

In a fourth step the vortex speed is increased by internal
guide vanes, which increases the pressure and density of the
gases and allows the heavier molecular gases to move to the
periphery, where they are removed by an inverted cyclone.
The gas may be cooled to generate process steam and to
protect the downstream vacuum compressors. Literature
sources indicate that this heavy gas stream can be passed
through a second-stage smaller VGS to separate the very
heavy sulphur components from the CO2. The sulphur
components will be routed to a sulphur recovery plant and
the CO2 may be further processed on site.
The remaining cleaned gas (also called ‘pure gas’) is
passed through the high-temperature booster-compressor,
where a portion of the gas is recycled in the second step.
Although the proposed system may clean the syngas only
partially it may still be reasonable to implement, as the
removal of 99.9% of the particulates as well as acid gas will
allow the use of smaller downstream equipment and guard
beds instead of large process equipment.

)A>7;9?=A>?
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. The most important
principle for 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:
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 Removal of most of the condensable water, oils, tars,
fly ash, and particulate matter directly from the hot
syngas, allowing hot gas processing and pressure
boosting.
 Removal of most of the H2S and CO2, allowing for
cheaper warm syngas desulphurization combined with
guard beds, rather than low-temperature adsorption
processes.
 Separation of H2 from a second syngas stream for
H2:CO ratio adjustment before FT and negating the
need for a CO-shift rector with a subsequent CO2
avoidance.
The level of separation is in the commercial application
range for the Theunissen UCG project as the syngas typically
contains species with large variation in molar mass and the
syngas pressure of the second stream used for power
generation has to be let down anyway. Vortex separation
specifically applied to a UCG process, is a practical solution to
improve both energy efficiency and lower the CO2 footprint.
The next steps and future work will include the
modelling, design, and experimental testing of a VGS for both
particulate filtering and gas separation efficiency.

A4C>7;B<9@C
AGR
APG
atm.
CFD
CGC
FT
GC
HGC
IVF
N1

acid gas removal
adverse pressure gradient
atmospheres / pressure ratio
computational fluid dynamics
cold gas clean-up
Fischer-Tropsch
gas chromatograph
hot gas clean-up
inertia vacuum filter
mole fraction of heavier species at the inlet



1038



 

VOLUME 118

N2
N3
PM2.5
PM5
PM10
Re
RHVT
SGS
UCG
VGS
WGC




mole fraction of heavier species at hot outlet
mole fraction of heavier species at cold outlet
< 2.5 μm particulates
< 5 μm particulates
< 10 μm particulates
Reynolds number
Ranque–Hilsch vortex tube
Supersonic gas separation
underground coal gasification
vortex gradient separation
warm gas clean-up
separation factor for light species between product
and feed streams
= [(1 - N3) ÷ N3] × [N2 ÷ (1 - N2)]
cut
= molar flow in product stream (hot outlet) ÷ N1
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Acid-base accounting of unburned coal
from underground coal gasification at
Majuba pilot plant
by L.S. Mokhahlane, M. Gomo, and D. Vermeulen

Underground coal gasification (UCG) is an unconventional mining method
that converts coal in situ into a fuel gas that can be used for electricity
generation. Residue products from UCG have the potential to leach into
surrounding groundwaters. The geochemistry and leaching dynamics of
these products are explored in this study. The products include char, ash,
and the heat-affected zone in the surrounding rocks. Core samples from the
pilot plant at Majuba are the first ever to be recovered from a UCG cavity in
Africa, and they give key insights into the geochemistry of the gasification
zone. Mineralogical and chemical analyses were performed on the samples,
and acid-base accounting (ABA) was used to predict the acid-producing
capacity of the gasification zone, particularly for char samples. Some of the
char contained pyrite, although not all samples were acid-producing as
determined by the ABA analysis. The ABA results showed that some of the
unburned coal has moderate levels of sulphur, which could be the driving
medium for acidic conditions. The ABA analysis indicated that water in
contact with the gasification zone would eventually have a pH lower than 7,
which could lead to acid rock drainage. These results form part of a
preliminary investigation into the geochemistry of the reaction zone, post
gasification.
620-(*
underground coal gasification, residue products, geochemistry, acid-base
accounting.

5/.-0(+).30/
Underground coal gasification (UCG) is an
unconventional mining method that converts
coal in situ into a fuel gas that can be used for
industrial purposes, including electricity
generation. The gasification process leads to
the formation of a cavity composed of char,
rubble, and void space (Bhutto, Bazmi, and
Zahedi, 2013). Residue products from UCG
have the potential to leach into groundwater.
These products include char (devolatilized
coal), which can generate acid rock drainage
(ARD). ARD is caused by the oxidation of
sulphide minerals, which acidifies the
leachate, thus increasing the solubility of some
environmentally toxic metals (As, Cd, Hg, Pb,
Zn, etc.) (Bouzahzah et al., 2015).
The main source of ARD is oxidation of
sulphide-bearing minerals due to interactions
with oxygen, water, and microorganisms
(Simate and Ndlovu, 2014; Kefeni, Msagati,
and Mamba, 2017; Bouzahzah et al., 2015).
Although ARD occurs naturally, it can be
enhanced by mining activities that escalate
          

[1]
This reaction produces ferrous iron,
sulphate ions, and acid. The ferrous iron can
further be oxidized to ferric iron by the
following reaction:
[2]
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exposure of sulphide minerals to water, air,
and bacteria (Simate and Ndlovu, 2014). At
the Majuba pilot plant, the unburned coal
remaining in the cavity has been in contact
with groundwater since the gasifier was shut
down in 2013. It is possible that in a
commercial UCG plant, most of the coal will be
consumed and no unburnt coal will be left in
the cavity. Most of the sulphur will be
converted to H2S during the gasification
process and transported with the syngas to
surface, where it can be removed and captured
as elemental sulphur.
The Majuba pilot gasifier was extinguished
by injecting water from the surface into the
gasification zone. This method of quenching
depends on the hydrogeological conditions, as
highly permeable strata may not need assisted
quenching. Post gasification, the groundwater
level will eventually rebound and water will
begin to flow through the cavity (Liu et al.,
2007); this, however, depends on the
permeability of the surrounding strata and
extend of the UCG workings. The geochemical
interactions in the cavity have the potential to
generate ARD, especially if the sulphide
quantities are adequate for acid generation.
Equation [1] shows the reaction for oxidation
of pyrite, which leads to acid generation:

Acid-base accounting of unburned coal from underground coal gasification at Majuba pilot plant
In environments with low oxygen concentrations,
Reaction [2] will occur only when the pH reaches 8.5 (Simate
and Ndlovu, 2014). The UCG cavity post-gasification is likely
to be a low-oxygen environment, unlike in conventional
mining where the coal seam is in contact with the atmosphere
in open pit mining and some underground mines. While
oxidation of sulphide minerals contributes to the acidity of
rock drainage, dissolution of carbonate minerals plays a role
in neutralizing the acid via the following reaction:
[3]
The dissolution rates of dolomite and magnesite are much
slower than that of calcite (Lapakko et al., 1999). Acid
generation is hence a dynamic process that needs monitoring
over a long period of time.
The potential for acid generation from strata disturbed by
mining activities is regulated by guidelines from the South
African’s Department of Water Affairs and Sanitation (Best
Practice Guideline G4: Impact Prediction, Department of
Water Affairs and Forestry 2008). The guideline uses the
source-pathway-receptor model for its risk-based approach to
impact prediction. Underground mine voids are identified as
potential risk sources for water bodies. Underground coal
gasification creates a cavity or void that contains residue
products such as ash, char, and the heat-affected zone in the
surrounding rocks. According to the G4 guideline, all these
products will have to undergo geochemical assessment,
including evaluation of the risk of acid generation and the
potential for leaching of metals.
There are two types of laboratory tests that can be used
for the prediction of acid rock drainage – static and kinetic
tests. Static tests include acid-base accounting (ABA), which
is relatively quick and simple to carry out while the kinetic
tests, such as leaching tests, usually take longer to complete.
Kinetic tests also require larger samples and are usually
carried out to determine the leachate quality and long-term
ARD risk. Acid-base accounting is described by Sobek et al.
(1978) as predictive tool that accounts for the balance
between the acid-producing potential (AP) and the
neutralizing potential (NP) of geological material; the
difference is calculated as the net neutralizing potential
(NNP). The acid-producing material is generally the sulphide
minerals (Equation [1]), while the acid-neutralizing minerals
are carbonate minerals such as calcite, dolomite, and
magnesite (see Equation [2]). Dissolution of some silicate
minerals such as anorthite can also neutralize acid. However,
silicates dissolve more slowly than their carbonate
counterparts (Lapakko et al., 1999).
In UCG, ARD has the potential to weaken the
infrastructure around the gasification zone as the production
and injection wells are installed using cement and steel
casing. The geochemistry of the surrounding aquifers can
also be altered as metals become more soluble in acidic
conditions, ultimately leading to ARD into the surrounding
strata. The objective of this paper is to explore the leaching
dynamics and geochemistry of the unburned coal from the
UCG process.

3.24,0)1.30/41/(4&20,0&3)1,4*2..3/&
The Eskom UCG pilot plant near Majuba power station in
Mpumalanga Province, South Africa, has completed phase 1
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of gasification. This is the first UCG plant in Africa and had
already produced fuel gas and successfully co-fired this gas
with coal in a pulverized coal boiler at Majuba power station
by 2010 (Pershad, Pistorius, and van der Riet, 2018).
Gasification has ceased and verification drilling has
commenced into the gasification zone. Verification boreholes
are wells that are core-drilled into the gasification zone to
establish the extent of gasification with the aim of retrieving
core samples containing residue products. The verification
boreholes were sited at strategic locations within the
gasification panel. G1VTH1 was the first verification borehole
to be drilled, and its location is shown in Figure 1.
The targeted coal-bearing formation for gasification is the
Gus seam in the Vryheid Formation of the Ecca Group. The
Gus seam varies from 1.8 to 4.5 m in thickness and at the
Majuba UCG site it is found at a depth of around 280 m.
Other coal seams encountered in the area are usually laterally
impersistent and serve as marker seams – they are not
targeted for gasification. Coal has a lower density than the
Karoo sediments (alternating sandstones and shales), as
seen in the wireline log in Figure 2. The sharp density spikes
from the top to bottom of the log represent the Eland, Fritz,
Alfred, and Gus seams respectively. The main economic Gus
seam is thicker than the other seams, with alternating
sequences of bright and dull coal. The bright coal has a lower
density than the dull coal. The coal zone also contains several
thin (5–20 cm) laterally impersistent bright coal layers (the
Eland and Fritz coal seams) above the Gus seam, which are
used as marker seams (de Oliveira and Cawthorn, 1999).

2."0(0,0&
G1VTH1 was percussion-drilled from surface to 200 m,
and then core-drilled to just below the targeted Gus seam
(286 m). The core samples were placed in trays and
fragments of the recovered char from the Gus seam were
taken (red blocks in Figure 2) for acid-base accounting. No
ash was recovered, and this might be due to soft materials
being washed away during drilling, as core drilling uses fluid
circulation to remove the cuttings from the core barrel.
Acid-base accounting is a predictive tool used to assess
the acid-producing capacity of coal mines and rock waste, in
which the acid-neutralizing potential (NP) and acidproducing potential (AP) of rock samples are determined and
the difference, the net neutralizing potential (NNP), is
calculated as follows:
[4]
The AP is based on the theoretical oxidation of all
sulphur in the sample to sulphuric acid. The total sulphur in
the samples was determined using a LECO sulphur analyser.
The AP is generally expressed in kilograms of CaCO3 per ton
of material. The conversion factor is 31.25 kg CaCO3 per ton,
i.e.:
AP = sulphur content (%) × 31.25 kg CaCO3 equivalent
per ton.
The dissolution of acid-neutralizing minerals such as
carbonates contributes towards the NP. Hydrochloric acid is
used to sufficiently digest these minerals and the NP is
expressed in kg CaCO3 per ton, but it can also be converted
into acid-neutralizing capacity (ANC, expressed as kilograms
H2SO4 per ton) by multiplying the NP by 0.98.
          

Acid-base accounting of unburned coal from underground coal gasification at Majuba pilot plant
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Acid-base accounting of unburned coal from underground coal gasification at Majuba pilot plant
Negative NNP values indicate the potential for acid
generation, while positive NNP values are associated with
alkaline conditions. However, a NNP of more than 20 is
generally required before non-acid conditions can be
declared. There is, therefore, a region of uncertainty from –20
to +20 kg CaCO3 NNP, which usually requires kinetic testing
if the ABA results are inconclusive (Qureshi, Maurice, and
Öhlander, 2016). The ratio of NP to AP, known as the
neutralization potential ratio (NPR), can also be used to
determine the potential for acidic conditions. Materials with a
NPR of 2.5 are regarded as non-acid-producing, and those
with NPR of 1 as acid-producing, while the uncertain region
is between 1 and 2.5 (Qureshi, Maurice, and Öhlander,
2016).
Mineralogical compositions were determined using the
QEMSCAN (Quantitative Evaluation of Minerals by Scanning
Electron Microscopy) technique. The QEMSCAN is a scanning
electron microscope-based system configured to
automatically determine the mineralogical characteristics of
particulate samples. Samples were also leached using water,
acid, and hydrogen peroxide to determine the leaching

Table I

/1,*3*40'4+/ +-/2(4)01,4'-0$4."24&1*3'3)1.30/
0/24.
1$%,2 03*.+-2 *"
12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8

5.3
6.4
5.7
5.4
4.5
4.7
4.3
4.4

46.9
63.6
47.9
50.3
69.4
40.1
39.7
10.4

0,1.3,24$1..2-4 #3 2(4)1- 0/4 0.1,4*+,%"+-4
3.7
5.6
4.4
4.4
5.5
3.7
1.7
2.7

44.1
24.4
42.0
39.9
20.6
51.5
54.3
82.5

0.41
0.35
0.46
0.47
0.21
0.53
1.4
0.57

dynamics in different environments. The water leach test is
carried out over 24 hours using 50 ml of demineralized water
to 5 g solid material. The peroxide leach test is carried out
over 24 hours using hydrogen peroxide at 2 g solid material
to 80 ml hydrogen peroxide. The acid leach test is carried out
over 24 hours using 5 g solid material and 50 ml of
approximately 0.1N sulphuric acid. All the leachates were
analysed using inductively coupled plasma mass
spectrometry (ICP-MS).

2*+,.*41/(4(3*)+**30/
The proximate and sulphur analyses were carried out at the
Eskom Research, Testing and Development (RT&D)
laboratory in Johannesburg. The results for the char samples
from the gasification zone are presented in Table I. The total
sulphur values were used in the ABA analysis to determine
the long-term risk of acid production.
The mineralogical results from QEMSCAN are presented
in Table II. The samples were taken from both the Gus and
the Alfred seams as they occurred close together in G1VTH1.
The unburned coal recovered is shown in Figure 2, with the
density log displayed. The down-the-well density log shows
that low-density bright coal is situated towards the bottom of
the seam while the dull coal is found predominantly in the
upper parts of coal seam (Alfred and Upper Gus). A 3.16 m
core loss was recorded from 280–286 m.
The mineralogical analyses are of the residual material
after UCG, and due to absence of such detailed analyses prior
to UCG they cannot be proportioned to the initial mineral
composition. The mineralogical results show that all of the
char samples from the Gus seam contain pyrite, which is the
major contributor to ARD (Table II). Carbonate minerals,
including calcite and siderite, were identified in the coal
samples. Dissolution of carbonate minerals plays a role in the
neutralization of acid, as seen in Equation [3]. Some of the
silicate minerals found in the samples also contribute to
neutralization reactions.

Table II

3/2-1,0&3)1,4-2*+,.*4'-0$4 4.
,'-2(4*21$
12.1
0
0
0
0
0
0
0
1.1
11
38.6
11.5
12.9
2
0.1
0.1
5.4
8
9.4

Pyrite
Oxidized pyrite
Siderite
Calcite
Dolomite
Gypsum
Apatite
Ca-Mg-(Al) silicate
Ca-Al silicate
Kaolinite
Quartz
Mica/illite
Microcline
Rutile
Alunite/gibbsite
Vitrinite
Semi-fusinite
Fusinite
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12.2
0
0
0.2
0
0
0
0
4.3
11
30.9
17.2
3.8
0.8
0.1
0.5
15.9
5.7
9.6
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+*4*21$
12.3
0
0
0
0
0
0
0
0.6
3.6
51.8
18.5
5.7
1.4
0
0.1
4.3
6.8
7.2

12.4
15.2
4.8
32
0.7
1.3
0.6
0
12.8
2
8.9
5.5
4.2
1.5
0.2
0
5.9
2.1
2.1

12.5
0.2
0
2.4
0.1
0
0
0
4.7
9.4
20.3
8
6.2
1.1
0.1
0.6
22.2
11.6
13.1

12.6
4
1.3
0.4
0.4
0
0
0
5.1
3.3
13
5.8
0.4
0
0.1
0.3
4
17.2
44.8

12.7
0.4
0.1
0.3
1
0
0
0
6.3
5.9
15.3
4.5
0.7
0
0
0.2
1.2
17.4
46.6

12.8
0.4
0.1
0.1
0.2
0
0
0
0.1
0.9
1.7
0.2
0
0
0
0.1
12.1
15.1
68.9

          

Acid-base accounting of unburned coal from underground coal gasification at Majuba pilot plant

#3&+-24!%41*414'+/).30/40'4/2.4/2+.-1,33/&4%0.2/.31,

#3&+-24!2+.-1,31.30/4%0.2/.31,4-1.304 41*414'+/).30/40'4*+,%"3(2
)0/.2/.

The majority of the samples are non-acid-generating, with
only one in the uncertain region. The general trend of the
char samples taken from the gasification zone is that of nonacid-producing materials.
ARD is associated with iron being released into solution,
as seen in Equations [1] and [2]. The leaching dynamics of
the samples is shown in Figure 5. Very little Fe is released
from the char samples when using demineralized water as a
leaching medium. The same trend is seen when leaching is
carried out under oxidizing conditions using hydrogen
peroxide, with insignificant Fe being released. Under acidic
conditions, Fe is released in greater quantities than under
oxidizing conditions. Sample 12.7 released more Fe than any
other char sample, which is consistent with the ABA and
mineralogical analyses.
The leaching results show a similar trend as the ABA,
where only one sample was considered as acid-producing.
The general trend in Fe release also shows the same sample
releasing higher amounts of Fe as compared to other
samples. The highest levels of sulphur were also found in the
same sample. This affirms that for acid generation to occur,
an adequate quantity of sulphur has to be available to
sustain the acidic conditions. The majority of samples did not
show a tendency to leach high levels of Fe under different
conditions.
The results show that even if the general conditions in
the gasification zone become more oxidizing, the leaching
dynamics for Fe may still be low. Groundwater will be the
leaching medium for the unburned coal and much of the
leaching behaviour will also depend on the chemistry of the
local groundwater

0/),+*30/*4

          

The study gives key insights into the geochemistry of the
gasification zone of the underground coal gasification project.
The major conclusion is that the char does not pose an
immediate of ARD formation, except for one sample. The
geochemistry of the char samples shows the heterogeneous
nature of coal in terms of mineralogical and chemical
properties. More iron was leached under acidic conditions
from samples with high levels of sulphur. Groundwater will
be the leaching medium for the unburned coal and the
leaching behaviour will depend on the chemistry of the local
groundwater. It is possible that in a commercial UCG plant,
most of the coal will be consumed and no unburnt coal will
be left in the cavity. Most of the sulphur will be converted to

#3&+-24! 21)"3/&4(/1$3)*40'4#243/41.2-4"(-0&2/4%2-0 3(241/(
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The initial pH of the samples was above 7, as seen in
Figure 3. The NNP was positive for all the samples except
one. A positive NNP indicates non-acid-generating material
whereas a negative NNP is associated with potentially acidgenerating material. Sample 12.7 had a NNP of –63.78,
which may be largely due to the higher levels of sulphur in
this sample (1.4 wt.%) (Table I). This is more than twice the
amount of sulphur in all the other samples. The final pH of
this sample was also the lowest of all the samples which,
together with the elevated pyrite content, indicates a high
potential for acid generation.
The majority of the results in Figure 3 fall into the
uncertainty region of –20 to +20 NNP. Although these
samples have positive NNPs they cannot be conclusively
regarded as non-acid-producing. The neutralization potential
ratio (NPR) was used to determine the long-term acid
production potential of the samples, as shown in Figure 4.
The graph is divided into regions representing the likelihood
for acid generation. The ‘very low’ region represents samples
that are non-acid-producing while the ‘very high’ region
represents acid-generating samples. The uncertain region is
represented by the blue region under the ‘very low’ region. A
NPR greater than 2.5 normally points to non-acid generation,
while a NPR less than 1 indicates acid production if the
sulphur content is also above 0.3 wt.%. The NPR results
shown in Figure 4 indicate that only sample 12.7 has the
potential for acid generation, as was indicated in Figure 3.

Acid-base accounting of unburned coal from underground coal gasification at Majuba pilot plant
H2S during the gasification process and transported with the
syngas to the surface, where it can be removed and captured
as elemental sulphur. The coal seam at Majuba is at a depth
of around 280 m below the ground level and the
geohydrological conditions show no interaction between the
coal seam aquifer and the shallow aquifer. Contamination of
the shallow aquifer from any potential post-gasification acid
rock drainage that may be generated in the UCG cavity is
therefore unlikely.

2'2-2/)2*4
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Qualitative hydrogeological assessment
of vertical connectivity in aquifers
surrounding an underground coal
gasification site
by L.S. Mokhahlane*, G. Mathoho†, M. Gomo*, and
D. Vermeulen*

Underground coal gasification (UCG) is the conversion of coal in situ into a
usable synthetic gas. One of the major environmental concerns with UCG is
the possibility of groundwater from the coal seam aquifer contaminating the
shallow aquifers via hydraulic connections. The coal seam aquifers are
usually confined aquifers but can have hydraulic connections to the shallow
aquifers due to faults/fractures or any man-made connections, including
boreholes. The aim of this paper is to study groundwater hydraulic
connections across various aquifers at the UCG site at Majuba, using
hydrochemistry and stable isotope (18O and 2H) tools. Physical and
chemical processes such as diffusion and condensation generate isotopic
differentiation in natural waters that can be used to deduce the origins of
different waters, and in groundwater the spatial isotopic distribution can be
used to deduce hydraulic connections between different aquifers. The
Majuba UCG site consists of shallow, intermediate, and saline deep aquifer
systems at a depth of 70 m, 180 m, and 300 m respectively. Samples were
taken from each aquifer system together with supplementary samples from
an on-site water storage dam. The analyses of isotopic compositions led to
the determination of the possible sources of each sample. The deep aquifer is
represented by an isotopic signature that is depleted in heavy isotopes with
average values of –41.7% and –7.02% for 18O and 2H respectively, while
the shallow aquifer is enriched with corresponding average values of –19.9%
and –3.3%. Hydrochemical data also showed different water types: a sodium
chloride type in the deep aquifer and a sodium bicarbonate water in the
shallow aquifer. The results indicate that the shallow aquifer and the deep
aquifer are not hydraulically connected, and therefore it is unlikely that
groundwater from the gasification zone would contaminate the shallow
aquifer.
64 30.'
underground coal gasification, hydraulic connectivity, stable isotopes,
hydrochemistry, Majuba, aquifer.

*/03.,&/13*
Underground coal gasification (UCG) is a
mining method that exploits coal seams by in
situ gasification that yields a usable synthetic
gas. This process uses a panel of injection and
production wells to achieve gasification and
transport the synthetic gas to the surface
without the need for people to go
underground. Compared to conventional coal
mining the appeal of UCG is multidimensional.
The advantages include improved health and
safety, reduction in process and waste
handling, and less surface damage from
mining activity (Imran et al., 2014). The UCG
process nonetheless raises some
environmental concerns, some of which relate
to the potential contamination of aquifers
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around the gasification zone (Kapusta and
Stańczyk, 2015). This is due to the
decomposition of coal in the gasification zone,
which produces organic pollutants such as
benzene, polycyclic aromatic hydrocarbons
(PAHs), phenols, and inorganic compounds
including ammonia and sulphides (Bhutto,
Bazmi, and Zahedi, 2013; Kapusta and
Stańczyk, 2011). These contaminants can
migrate and penetrate the surrounding
aquifers as a result of an outward pressure
from the gasification zone if the gasifier is
operated at a pressure higher than the
hydrostatic pressure in the coal seam aquifer
(Burton, Friedmann, and Upadhye, 2006).
Once gasification is complete, the natural
groundwater will begin to fill the cavity and
cool the gasification zone. The flow of
groundwater in the cavity will ultimately lead
to leaching of residue products such as ash,
unburned coal, and chars, which can lead to
groundwater contamination (Liu et al., 2007).
The solubility of metals increases with
increasing temperature and this can lead to
long-term leaching of metals from the cavity.
Heat penetration can alter the overlying
rocks and create fractures that result in the
coal seam aquifer becoming hydraulically
connected to the shallow aquifer, which can
lead to the draining of the shallow aquifer into
the gasification zone (Figure 1). The confined
nature of the coal (deep) seam aquifer allows
its water level (head) to stabilize at shallower
levels above the coal seam depth (Dvornikova,
2018). The hydraulic connections can
ultimately transmit water contaminated with
inorganic and organic UCG products from the
gasification zone to the shallow levels, where
subsequent contamination of pristine shallow

Qualitative hydrogeological assessment of vertical connectivity in aquifers surrounding

%1+,045"#3*&4(/,2-5!.03+43-3+1&2-5$3.4-53)525# 5(-2*/52.2(/4.5)03$5345 5

aquifers can occur. UCG operators have to ensure that the site
is well characterized and that the coal seam has limited
connectivity with other water sources (Imran et al., 2014)
Subsidence of the overburden above the UCG burn void
can also result in serious groundwater contamination where
aquifer cross-connection ensued during gasification
operations, which can result in the transmission of pollutants
generated in the burn zone via fractures triggered by
subsiding overburden into overlying aquifers (Liu et al.,
2007). Overburden failure can create joints and fractures
(Ghasemi et al., 2012), similar to those seen in Figure 1, and
these can act as pathways for contaminants to migrate from
the UCG cavity to the shallower aquifers. The environmental
risks of groundwater pollution from UCG activities are mostly
site-specific. Appropriate site selection can mitigate most of
the potential risks of groundwater contamination as factors
such as depth of cover and competency of overlying rock play
a role in roof collapse (Ghasemi et al., 2012; Imran et al.,
2014). If there is no hydraulic connection between the
shallow aquifers and the coal seam aquifer, where
gasification is undertaken, there is little risk of groundwater
contamination. Usually the water in the coal seam aquifer is
of poor quality and is not used for any domestic or
agricultural purposes. However, if faults and fractures exist
within the strata, a hydraulic connection can be created
between the coal seam aquifer and the shallow aquifer as
seen in Figure 1.
Water is made up of oxygen and hydrogen atoms that
exist as various stable isotopes. In natural waters the isotopic
ratios of oxygen and hydrogen vary due to chemical,
biological, and physical processes. For example in cooler
regions the equilibrium water vapour would have an isotopic
composition of 18O = –10.6% and 2H = –93%, while over
high-latitude seas the isotopic signature is as low as 18O = –
11.6% and 2H = –10% (Clark and Fritz, 1997). These
variations are a result of isotopic fractionation during phase
transitions such as condensation and evaporation, and are
also dependent on temperature changes. For example, during
evaporation, the water in the vapour phase becomes is
enriched in the lighter isotopic fractions 16O and 1H,
leaving behind water that is enriched in 18O and 2H. The
isotopic ratios can be used as a quantitative tool to identify
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the admixture between various surface water bodies and
subsurface waters. This provides a means to determine the
conditions during groundwater recharge by determining the
18O and 2H compositions in borehole samples (Clark and
Fritz, 1997).
The aim of this paper is to study groundwater hydraulic
connections across various aquifers at the UCG site at
Majuba, using hydrochemistry and stable isotopes (18O and
2H), in order to assess the environmental risk to
groundwater post the first gasification phase. A 3D geological
model of the site will be developed and used to analyse the
environmental risk.

        
The Majuba UCG pilot plant is located in Mpumalanga
Province of South Africa, about 35 km northwest of the town
of Volkrust. Regular hills attributed to the erosion of the
underlying dolerite sill typify the topography. The site covers
an area of around 60 ha on the eastern bank of the
Witbankspruit River and the surrounding area is mostly used
for agricultural activities (Figure 2).
Four different dolerite intrusions (T1 to T4) that intersect
the Karoo sediments at the Majuba Colliery have been
identified (de Oliveira and Cawthorn, 1999). The intrusions
have displaced the targeted Gus seam by over 70 m in some
places. This has led to limitations in effective extraction of
the coal seam by conventional mining. A 3D geological model
of the Majuba UCG site is displayed in Figure 3. The model
was developed from drill-hole core logs and generated using
Leapfrog version 4.2. The geological model shows that the
lateral extend of the two dolerite dykes is generally even
across the study area. The dolerite intrusions have broken up
the coal reserves into minor blocks, which is beneficial in
containing the UCG process underground (Pershad, Pistorius,
and van der Riet, 2018). The targeted coal seam (the Gus
seam ) is located at an average depth of over 250 m, and the
second dolerite (T2) is over 100 m thick, which assists with
the isolation of the gasification zone from the shallow
aquifer.
The Gus seam forms part of the Vryheid Formation of the
Ecca Group in the Karoo Supergroup (Snyman, 1998). The
Gus seam varies from 1.8 to 4.5 m in thickness and at the
          

Qualitative hydrogeological assessment of vertical connectivity in aquifers surrounding
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Majuba UCG site it is encountered at a depth of around 280 m
(Pershad, Pistorius, and van der Riet, 2018). The coal zone
also bears several thin (5–20 cm) laterally impersistent bright
coal layers below the Gus seam (de Oliveira and Cawthorn,
1999). There are three other coal seam above the Gus seam,

namely the Eland, Fritz, and Alfred seams. These seams are
generally thin and are not targets for gasification.
Interbedded layers of sandstone, shale, and mudstone
generally characterize the Karoo sediments (de Oliveira and
Cawthorn, 1999).
Three distinct aquifers are present at the Majuba UCG
site, as seen in Figure 4. The upper weathered (shallow)
aquifer is usually low-yielding (range 1–10 m3/d) owing to
its trivial thickness, but contains good quality water due to
years of groundwater flow through the weathered strata. The
shallow aquifer is estimated to go as deep as 70 m and is
underlain by the intermediate aquifer. Groundwater flow
through the intermediate aquifer is mainly through fractures,
cracks, and joints induced in the Karoo sediments by the
intrusive dolerite sills. The aquifer can be divided into two
zones: the intermediate upper (IU) aquifer and intermediate
lower (IL) aquifer, as seen in Figure 4.
The coal seam aquifer forms part of the gasification zone
and is located at a depth of around 280 m. The confined
nature of the coal seam aquifer means the water is under
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pressure and hence the water level (head) stabilizes at
shallow levels around 180 m below ground. Any fractures in
the strata overlying the coal seam can act as a zone of
groundwater transmission between the coal seam aquifer and
the intermediate aquifer, leading to groundwater mixing. The
groundwater in the coal seam aquifer is of poor quality and
can generally be classified as saline, while the intermediate
aquifer has better quality water. The groundwater monitoring
network is placed in such a way that all aquifers are
monitored, as depicted by the boreholes in Figure 4.

4/!3.3-3+5
Groundwater samples were taken from Majuba UCG site
using plastic bailers and analysed for isotope fractions, D/H
(2H/1H) and 18O/16O, at iThemba Laboratories in Gauteng
using a Thermo Delta V mass spectrometer. Equilibration
time for the water sample with hydrogen was about 40
minutes and CO2 was equilibrated with a water sample in
about 20 hours. Laboratory standards, calibrated against
international reference materials, were analysed with each
batch of samples. The analytical precision is estimated at
0.2% for O and 0.8% for H. Analytical results are presented
in the common delta-notation:
[1]
These delta values (18O and 2H) are expressed as per
mil deviation relative to a known standard, in this case
standard mean ocean water (SMOW). The samples were
taken from all the aquifers; shallow, intermediate lower,
intermediate upper, and the coal seam aquifer.
Hydrochemical data from the UCG site groundwater
monitoring was also used to analyse hydraulic connections at
the study site. Groundwater is sampled on a monthly basis
from all aquifers using bailers and all samples were
conserved and transported to the laboratory for chemical
analysis. Major and minor elements were determined
together with pH and electrical conductivity. The groundwater
monitoring chemical data was plotted on diagnostic plots for
geochemical analysis of the groundwater status.

74',-/'52*.5.1'&,''13*

two systems of groundwater at the Majuba UCG site. The
samples that were enriched in 18O and 2H were from the
shallower aquifers (shallow and intermediate upper),
confirming that the water was subjected to the influence of
evaporation. The samples showing depletion in 18O and 2H
are from the deep aquifer, which confirms that they are not
affected by evaporation and that recharge may have been by
water from high altitudes, where heavy isotopes were
removed from rainfall due to altitude/elevation effect. The
variability in water isotopic composition between the shallow
and the deep aquifer points to dissimilar recharge events,
runoff conditions, sampling period salinity, and altitude effect
(Ayadi et al., 2018).
The less negative values were obtained from the upper
and lower intermediate aquifers as well as the shallow
aquifer. These waters may be more enriched in the stable
isotopes since they have a shorter residence time in the
ground than the deep aquifer waters.
The deep aquifer is represented by average values of –42
and –7.02 for 18O and 2H, respectively. These values are
significantly different from the mean values observed in the
other aquifers. The deep aquifer samples are clustered
separately from the other aquifers. The positioning of the
deep aquifer samples is consistent with the position of paleowaters that have equilibrated with surrounding rocks, where
little or no evaporation transpires. The deep aquifer is
expected to receive little local recharge during precipitation
events as compared to other aquifers. It is isolated from the
rest of the aquifers with no evidence of mixing.
A clear distinction can be seen in the isotopic signatures
of the different aquifer systems depicted in Figure 5. This is
particularly portrayed in the deep and the shallow aquifer
where the clustered points are closely packed for each
system. One sample from the intermediate upper aquifer plots
in the position dominated by the samples from the
intermediate lower (encircled in Figure 5), which confirms
mixing between the two aquifers through the T2 weathered
dolerite but no mixing with the deep aquifer. The deep
aquifer and the dam samples are the most distinctive and
isolated compared to the other samples.
The evaporation line in Figure 5 has a slope of 4.6, which
is in line with the global range of 4 to 8, for example GMWL

    
The isotopic data for 18O and 2H is presented in Table I.
The 18O values range from –7.08‰ to 4.15‰ while the
2H ranges from –42.2% to 14.91%. The stable isotope data
is plotted on a 18O/2H diagram (Figure 5) with respect to
the global meteoric water line (GMWL). The lack of historical
rainfall data for 18O and 2H in the study area prompted the
addition of the Pretoria meteoric water line (PMWL) from a
Pretoria station which is situated approximately 267 km
from the study area. This station collects and record isotopic
rainfall data which is kept in the Global Network of Isotopes
in Precipitation (GNIP) database managed by the
International Atomic Energy Agency (IAEA). The recorded
monthly precipitation data resulted in the following
relationship isotopic trend: 2H = 6.5 18O + 6.4%
(Mook, 2000).
The 18O and 2H values trended along the GMWL and
are divided into two clusters, suggesting the possibility of
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Table I

'3/3(1&5.2/25)305+03,*. 2/4051*5/!45'/,.52042
304!3-45.4*/1)1&2/13*52*.
2 ,1)4052''3&12/13*
WMD2 Deep aquifer
WMD3 Deep aquifer
WMD4 Deep aquifer
WMIL2 Intermediate lower
WMIL3 Intermediate lower
WMIL4 Intermediate lower
WMIU1 Intermediate upper
WMIU2 Intermediate upper
WMIU3 Intermediate upper
WMIU4 Intermediate upper
WMS2 Shallow
WMS3 Shallow
WMS4 Shallow
Dam

. 5

–42.2
–40.9
–42.0
–23.5
–27.1
–29.1
–16.3
–25.7
–5.4
–13.6
–19.1
–19.7
–20.5
14.9





. 5



–7.08
–6.98
–7.01
–4.52
–4.95
–4.79
–2.55
–4.54
–0.24
–2.06
–2.93
–3.34
–3.63
4.15

          

Qualitative hydrogeological assessment of vertical connectivity in aquifers surrounding
     

has a slope close to 8 (Clark and Fritz, 1997). The slope
depends on the relative humidity, temperature, and
concentration in the atmospheric moisture (Yurtsever and
Payne, 1978). Relative humidity is fairly constant at 80% in
Mpumalanga Province during the summer season (Govere et
al., 2001). The Craig-Gordon (1965) model has established
the relationship between the slope of the evaporation line and
the relative humidity. The 4.6 slope value relates to a relative
humidity value within the 50% to 75% range as described by
Gordon et al. (1993). This deduced range corresponds with
the 80% relative humidity in the Mpumalanga area. The
isotopic signature for the shallow aquifer plots along the
evaporation line, which suggests that the water from the
surface sampling point (dam) and the shallow aquifer
originated from similar precipitation. The shift in the isotopic
signature of the dam to more positive 18O and 2H values is
due to constant evaporation from the dam favouring the
enrichment of water vapour in the lighter isotopes and the
heavier isotopes remaining in the dam. The shallow aquifer
plots along the evaporation line but with more negative 18O
and 2H values compared to the dam. This is due to the
isolation of groundwater from the atmosphere upon aquifer
recharge, which leads to the isotopic signature being
unaffected by fractionation due to evaporation.
The three points from the intermediate upper aquifer also
plot along the evaporation line, which suggests that recharge
was from the same water source as for the shallow aquifer.
The more positive isotopic signature of these three points
compared to the shallow aquifer suggest that fractures in the
dolerite sill preferentially transmit groundwater, which drains
some of the water from the shallow aquifer and transmits it
quicker than the sandstones in the shallow aquifer. This
means that groundwater that is recharged in the shallow
aquifer, with a more positive isotopic signature, will travel
slower (longer residence time) through the sandstone matrix.
However, if the water encounters fractures at the contact
zone of the dolerite sill with the sandstone (where the
intermediate upper aquifer is located, see Figure 4) then
water flows faster and undergoes less isotopic fractionation
due to rock-water interactions. This leads to some of the
intermediate upper aquifer points having a more positive
isotopic signature than those of the shallow aquifer. This also
shows that there is possible mixing between the shallow
aquifer and the intermediate upper aquifer.
          

%1+,045"(2*.4.5,035(-3/53)52402+45+03,*. 2/405.2/25)03$
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Monthly groundwater monitoring data over a two-year period
was used to characterize the water type of each aquifer
system at the Majuba UCG site. The groundwater chemical
data was also plotted in an expanded Durov plot as seen in
Figure 6. The distinct appearance of the deep aquifer can be
seen under the Chloride section, where water with high
chloride concentration plots. This is expected, as deep
aquifers contain higher levels of sodium chloride salinity due
to remnant seawater (Clark and Fritz, 1997). Outliers (red
dots) were experienced in only one month; this is likely a
sampling or analytical error as this trend did not persist. All
the other aquifers plot in the bicarbonate section. While the
other aquifers may have similar chemistries it is clear that the
deep aquifer maintains its discrete profile. All the samples
were taken post-gasification, and from the chemical analyses
no link can be established between the deep aquifer and its
shallower counterparts. The hydrogeological conceptual
model (Figure 4) shows that the three uppermost aquifers
may be linked through fractures in the lithology. Fractures
and the weathering of the intrusive dolerite rocks can also
cause flow to be more rapid in these aquifers compared to the
deep coal seam aquifer. This can lead to increased ion
exchange in the aquifers which may lead to a sodium
bicarbonate water type dominating.
The STIFF diagram in Figure 7 was used to analyse the
chemistry of selected average groundwater data from
boreholes from each aquifer system. The G2WMD2 (coal
seam aquifer) has a distinct chemical profile that is high in
Na, K, Cl, and SO4. This is typical of deep minewater that has
a low flow rate in the aquifer. The other boreholes from the
shallower aquifers have high carbonate-bicarbonate levels
synonymous with fresh aquifer water.
The general trends from the isotope and chemistry data
indicate no link between the deep coal seam aquifer and the
shallow aquifer. The deep aquifer is represented by an
isotopic signature that is depleted in the heavy isotopes with
average values of –41.7% and –7.02% for 18O and 2H
respectively, while the shallow aquifer is enriched with
average values of –19.9% and –3.3%. Hydrochemical data
also indicated a sodium chloride water type for the deep
aquifer and a sodium bicarbonate water for the shallow
aquifer.

Qualitative hydrogeological assessment of vertical connectivity in aquifers surrounding

%1+,045"%%5.12+02$53)5'4-4&/4.5304!3-4'

#3*&-,'13*'5
The conceptual model of the site is supported by the stable
isotope and hydrochemistry results. The water from the
intermediate upper and intermediate lower aquifers had a
mixture of signatures for the stable isotopes. This
corresponds to the leakages depicted in the conceptual model
that are associated with a weathered dolerite that is found in
the intermediate upper and intermediate lower aquifers. The
deep aquifer is characterized by an isotopic signature that is
depleted in the heavy isotopes, with average values of –
41.7% and –7.02% for 18O and 2H respectively, while the
shallow aquifer is enriched with corresponding average
values of –19.9% and –3.3%. The isotopic signature of the
deep aquifer is distinct from those of the shallower aquifers,
which confirms that there is no groundwater mixing between
these aquifers. Hydrochemical data plotted in the diagnostic
plots (expanded Durov and STIFF diagrams) also shows
different types of waters: a sodium chloride water type for the
deep aquifer and a sodium bicarbonate water for the shallow
aquifer. The results show that the shallow aquifer and the
deep aquifer are not hydraulically connected and therefore it
is unlikely that groundwater from the gasification zone would
contaminate the shallow aquifer.
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Temperature and electrical conductivity
stratification in the underground coal
gasification zone and surrounding
aquifers at the Majuba pilot plant
by L.S. Mokhahlane, M. Gomo, and D. Vermeulen

Underground coal gasification (UCG) is a chemical process that converts
coal in situ into a gaseous product at elevated pressures and temperatures.
UGC creates an underground cavity that may be partially filled with gas,
ash, unburned coal, and other hydrocarbons. A water stratification
assessment can help assess the diffusion effects within the underground
cavity. In this study we assessed the stratification by comparing the
electrical conductivity (EC) profiles of background boreholes to the
verification borehole that was drilled after gasification was complete.
Stratification was seen in all boreholes, including the cavity borehole. The
EC levels were lower in the cavity, which may be due to the dilution induced
by injecting surface water during quenching of the gasifier. The thermal
gradients showed a steady increase in temperature with depth, with higher
temperatures measured in the verification borehole. This temperature
increase suggests that heat is still being retained in the cavity, which would
be expected. This study serves as the preliminary investigation of the
stratification of temperature and EC, and will be followed by in-depth
surveys that cover all the groundwater monitoring wells in the different
aquifers at the site.
9643)/
stratification, underground coal gasification, Majuba pilot plant, electrical
conductivity, temperature, aquifer.

8.134)*(154.
Underground coal gasification (UCG) is a
technology that seeks to exploit coal reserves
through gasification of in situ coal and extract
a synthetic gas that can be used for electricity
generation (Burton, Friedmann, and Upadhye,
2006). This is achieved by injecting oxidants
through boreholes into the coal seams to
induce gasification. The resultant synthetic
gas (methane, hydrogen, and carbon
monoxide) is piped to the surface via
production wells, as seen in Figure 1. The UCG
process offers some environmentally friendly
outcomes such as no process tailings, reduced
sulphur emissions, and low discharge of ash,
mercury, and tar. The UCG cavity is, however,
a source of gaseous and liquid pollutants (Liu
et al., 2007). Since the UCG process occurs in
a natural environment, this raises concern
about the impacts on the regional groundwater
system.
The by-products of gasification can react
with the surrounding strata or be dissolved in
groundwater (Krzysztof and Krzysztof, 2014).
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However, this is unlikely to occur during
gasification as the pressure in the cavity and
the connected gas-filled voids must be kept
below the hydrostatic pressure of the aquifer.
This ensures that contaminants are always
contained in the gasifier, as groundwater flows
towards the cavity. A groundwater sink hence
develops in the cavity as the gasifier consumes
groundwater through evaporation, chemical
reactions, and as part of the syngas in
production wells.
Stratification is the vertical distribution of
salinity, pH, and temperature of groundwater
in a stepwise or layered manner (Ryuh et al.,
2017). Stratification within an underground
cavity associated with coal mining is common
in the Karoo coal-bearing formations
(Johnstone, Dennis, and McGeorge, 2013).
UGC creates an underground cavity as a result
of coal being gasified in situ. Groundwater is
an important input in the gasification process
as water in the gaseous phase takes part in
various chemical reactions to produce
hydrogen gas, which forms part of the
synthetic gas product. Upon completion of the
gasification process, groundwater levels are
expected to rebound in the gasification zone
and the groundwater flow to resume. The
geochemical evolution of the UCG cavity will
proceed as a result of interactions between
groundwater and the various residue products
in the cavity, including ash, unburned coal,
heat-affected surrounding strata, and
hydrocarbons. Assessment of stratification in
the UCG cavity is important as it may point to
chemical processes such as diffusion, which
may influence the evolution of contaminants.
Johnstone, Dennis, and McGeorge (2013)
reported stratification in cavities in coal mines
at Ermelo, Mpumalanga Province, which

Temperature and electrical conductivity stratification in the underground coal gasification zone

"5+*36752+32-7500*/13215.+7# 7&34(6//7*314.!7"356)-2..!72.)7&2),6!7%

showed groundwater quality evolves from sulphate-type
water to sodium-type water due to the action of sulphatereducing bacteria. The stratification led to the scrapping of
the planned plant for treatment of decanting groundwater as
the water quality at the top of the cavity was better than that
at the bottom.
Groundwater contamination can be assessed using the
source-pathway-receptor model in which the polluted
groundwater travels through a flow path in order to impact a
receptor or user of the resource. This study aims to assess the
pathway section of the model using a borehole that intersects
the gasification zone or cavity (source). This borehole is

termed the verification borehole, and two other boreholes are
used for comparison and as background boreholes. The water
quality is assessed using electrical conductivity (EC).
Temperature is assessed as an additional parameter but does
not necessarily relate to the EC.

1*)723627
The initial groundwork on UCG at the Majuba coalfield began
around 2005 and a pilot plant was successfully
commissioned in January 2007, with product gas being cofired into the nearby Majuba power station by October 2010.

"5+*367%4(2154.7-2&7'4372*$27#
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Temperature and electrical conductivity stratification in the underground coal gasification zone
The Majuba pilot plant was successfully operated until
September 2011, when decommissioning commenced with
the shutdown of the gasifier (G1). Shutdown of G1 continued
until May 2013 and involved complex activities included
quenching using surface water and rebounding of the natural
groundwater head. The successful performance and
shutdown of the Majuba UCG pilot plant is a significant step
towards full commercialization of UCG technology, as this
was the first UCG plant in Africa. The shutdown of G1
presented an opportunity to investigate some of the key
environmental questions regarding groundwater
contamination.
The Majuba UCG pilot plant is located in South Africa’s
Mpumalanga Province, about 35 km north-west of the town
of Volkrust. The site covers an area of around 60 ha on the
eastern bank of the Witbankspruit (Figure 2). The
topography is characterized by regular hills, attributed to
erosion of the underlying dolerite sill.





The Majuba UCG site falls within the Vryheid Formation of
the Lower Ecca Group, which is part of the Karoo Supergroup.
The Karoo sequence is generally characterized by interbedded
layers of sandstone, shale, and mudstone, with intrusive
dolerite sills and dykes. At Majuba there are two dolerite sills.
The shallower dolerite extends from roughly 70 m deep to
around 170 m. The deep dolerite is located at around 50 m
below the Gus coal seam, but in at other localities it transects
the seam. A simplified geological profile of the Majuba UCG
site is given in Table I.

 



Three distinct overlying groundwater systems are present at
the Majuba UCG site, as seen in Figure 3. The upper
weathered (shallow) aquifer is usually low-yielding (range 1–
10 m3/d) owing to its trivial thickness, but the water quality
is good due to years of groundwater flow through the
weathered strata. It is estimated that the shallow aquifer can

Table I

5-&05'56)7+6404+74'71,672*$27# 7/516
.51702$60

51,404+

&5(20
1,5( .6//
32.+67-

&5(20
1,5( .6//7-

1

Overburden

0 to 4

4

2

Dolerite

4 to 35

31

3

Sandstone

35 to 64

29

4

Dolerite

64 to 185

121

5

Sandstone

185 to 287

102

6

Coal seam

287 to 291

4

7

Sandstone

291 to approx. 500

Unknown

go as deep as 70 m. It is underlain by the intermediate
aquifer. Groundwater flow through the intermediate aquifer
is mainly through fractures, cracks, and joints as the Karoo
sediments are excessively cemented, which prevents any
substantial infiltration of water. The aquifer can be divided
into three zones – the intermediate upper aquifer,
intermediate lower aquifer, and the coal seam (deep) aquifer,
as seen in Figure 3. The coal seam aquifer is at a depth of
around 280 m and is underlain by the Dwyka sediments. The
groundwater in the coal seam aquifer is of poor quality and
can generally be classified as saline. The groundwater
monitoring network had been placed in such a way that all
the aquifers are monitored (Figure 3).

61,4)404+
Three boreholes with depths of around 290 m were selected
for this study. Two of the boreholes were groundwater
monitoring boreholes for monitoring the coal seam aquifer
within the production zone. The other was the verification
borehole, which was drilled into the UCG cavity after the
gasification process was concluded. The monitoring boreholes
were used as background as they are outside the gasification
zone and hence the geochemistry is not expected to be
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Temperature and electrical conductivity stratification in the underground coal gasification zone

"5+*367 ,67405./17#7-6163706'172.)7-62/*36-6.172332.+6-6.1735+,1

influenced by the gasification process or its products. The
verification borehole intersects the UCG cavity and hence
provides useful information on the geochemical evolution of
the gasification zone. Down-the-hole profiles of temperature
and electrical conductivity (EC) were taken in order to
investigate water stratification in the coal seam aquifer and
UCG cavity. Stratification in old coal mine voids in the region
has been reported by Johnstone, Dennis, and McGeorge
(2013). This has resulted in dilution of polluted water,
thereby eliminating the need for water treatment. A Solinst
TLC (temperature, level, and conductivity) meter similar to
the one depicted in Figure 4 was used to profile the EC down
the borehole. Water level measurements can be read off the
marked flat reeled tape made of polyvinylidene fluoride
(PVDF) material. EC and temperature measurements are
displayed on a convenient LCD display. The probe was
lowered to the bottom of the borehole and depending on the
measurement interval selected, measurements of temperature
and EC were recorded simultaneously at each depth.

:6/*01/72.)7)5/(*//54.
The electrical conductivity and temperature profiles for the
groundwater monitoring borehole G2WMD2 are shown in
Figure 5. G2WMD2 is a monitoring borehole within the
production zone that is used to monitor the coal seam aquifer
(deep aquifer). The borehole is solid-cased from surface to
279 m, the depth of the coal seam.
The EC of the water increases with depth, with a
maximum of 780 mS/m measured at a depth of 294 m below
ground level (mbgl). The temperature also increases with
depth until 244 mblg, where it levels off at 21.5°C. The EC
profile shows erratic behaviour around 283 mbgl, which is
approximately where the casing ends and is possibly a
groundwater flow zone. This may be the best location to take
groundwater samples as it might be where fresh water from
the aquifer is flowing, as the borehole is cased above this
point. Deeper than this a general trend of increasing EC is
seen in the profile.

"5+*367#72.)716-&6321*367&34'506/74'7 % %!7,5(,75/7/405)(2/6)7'34-71,67(400237147% 7-$+0
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The EC and temperature profiles for the groundwater
monitoring borehole G2WMD1 are shown in Figure 6.
A similar trend of increasing EC and temperature to that
observed in G2WMD1 was seen in G2WMD2. There is a drop
in EC at depths greater than 283 mblg. This is also where the
casing ends and possibly represents an area where fresh
aquifer water is flowing. The drop in EC suggests that fresh
aquifer water is of a better quality than the stagnant water in
the well. Purging of the borehole might lead to a better EC
profile in terms of water quality. In contrast to G2WMD1, the
temperature increases with depth without levelling off.
The EC and temperature profiles for the verification
borehole G1VTH1 are shown in Figure 7.

G1VTH1 is the verification borehole drilled after
gasification, and the EC and temperature profile are for the
area in the borehole where water was encountered. The EC
profile shows erratic behaviour, while the temperature
increases with depth but levels off at a depth of 220 mbgl.
The maximum temperature of 70°C was measured at a depth
of around 250 m. The maximum temperature in G2WMD2
was 21.5°C, while in G2WMD1 it was 22.8°C. The erratic
behaviour of the EC in G1VTH1 may be due to groundwater
flow zones or fractures intersecting the well. This needs
further investigation, but in general the EC is much lower in
the verification borehole than in the monitoring boreholes.
This could be due to dilution by surface water that was
introduced into the cavity during quenching of the gasifier.
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Temperature and electrical conductivity stratification in the underground coal gasification zone
#4.(0*/54./7
The EC and temperature are stratified in all the boreholes
(both monitoring and verification). The stratification in EC
shows that the quality of water higher up in the well is better
than that towards the bottom. The EC was erratic in the
verification borehole but again the general trend indicated
better quality water in the upper part of the well than in the
gasification zone. This suggests that in the event of fractures
forming due to roof collapses or any other event that could
create a flow path between the cavity water and the shallower
strata, the water quality will not be uniform throughout the
hydraulic connection. Better quality water will tend to be
located at the shallow levels, with poor quality water
concentrated at the bottom. This may be due to chemical
processes such as diffusion and needs further investigation.
Johnstone, Dennis, and McGeorge (2013) found a similar
trend in groundwater in an underground cavity induced by
coal mining. There is a general increase in temperature in the
verification borehole. This is expected at UCG sites, since it is
a result of heat remaining in the UCG cavity even two years
after the gasifier was shut down. The EC profile shows better
quality water in the verification borehole than in the
monitoring boreholes. This could be due to dilution by
surface water introduced during quenching. The EC profile
results were not related to groundwater transmission zones
in the monitoring boreholes G2WMD1 and G2WMD2. This is
due to the boreholes being cased for their entire length until
the coal seam depth.

:6'636.(6/
BURTON, E., FRIEDMANN, J., and UPADHYE, R. 2006. Best practices in underground
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FACTSAGE™ thermo-equilibrium
simulations of mineral transformations
in coal combustion ash
by A.C. Collins*, C.A. Strydom*, J.C. van Dyk*†, and
J.R. Bunt*‡

The aim of this investigation is to report on the influence of operating
conditions, and of additives such as potassium carbonate, on the slagging
behaviour of South African coal. This was done using a FACTSAGE™ model
that was previously developed to simulate the chemistry and mineral
transformations occurring during a fixed-bed countercurrent gasification
process. The mineral transformations in K- and Al-containing inorganic
compounds under certain thermal conditions were tracked to see whether
these species remain in the minerals or are captured by the slag. The main
contributors to slag formation and possible inorganic mineral
transformations were identified. The addition of potassium carbonate to the
coal before thermal processing decreases the melt formation temperature and
the melt percentage. The mineral transformations and slagging behaviour
depend on the percentage of potassium in the sample, as well as the basic
components present in the coal.
380.+,
FACTSAGE™, coal combustion, potassium, aluminium, slagging behaviour.

62/.0+*)/102
Coal is a heterogeneous material (sedimentary
rock) composed of organic and inorganic
components. The chemical and physical
properties of coal vary depending on the
source of the coal, i.e. the age and geological
environment in which the coal was formed
(Oboirien et al., 2011; Yu, Lucas, and Wall,
2007). During gasification of coal, the organic
matter partially decomposes (Kong et al.,
2011); while mineral transformations occur
(Song et al., 2009). Coal ash is thus a
collection of mineral and non-mineral
inorganic components that has undergone
transformation as a result of thermal
processing. The ash composition will depend
on the organic and inorganic compounds
present in the coal and/or any materials added
to the coal prior to thermal processing (Kong et
al., 2014). This specific composition of the
sample, the organic and inorganic
components, determines the mineral matter
transformation and thus the slag
characteristics (van Dyk, 2006). Mineral
behaviour during thermal processing depends
on:
(i) The different types of minerals
(modes of occurrence) and quantities
present in the coal sample (Benson,
Sondreal, and Hurley, 1995; Vassilev
et al., 1995)
          

(ii) The operating temperature
(iii) The oxygen partial pressure in the
atmosphere (Jak et al., 1998).
When the coal is subjected to high
temperatures (> 1100°C), melting and
reactions of the component mineral matter
occur, forming slag (Song et al., 2009). It is
assumed that the slag composition depends on
the minerals present in the coal, coupled with
the operating conditions (Guo et al., 2014). In
addition, the slagging behaviour of coal ash
depends on the ash composition, i.e. the
inorganic species present in the ash, as these
minerals determine the ash fusion temperature
(AFT) (van Dyk and Waanders, 2008).
Consequently, the ash fusibility is generally
expressed as a function of the content of
principal oxides: SiO2, Al2O3, TiO2, Fe2O3,
CaO, MgO, Na2O, and K2O (Seggiani, 1999).
The AFT is determined by the modes (vapour,
solid mineral grains) in which these elements
occur in the ash. Although AFT is still widely
used as a parameter for determining ash
fusibility and melting characteristics of
minerals (Jak et al., 1998), accurate results are
difficult to obtain due to the complex
composition of coal ash. Because of the
complex nature of coal and the associated
minerals, prediction of the mineral
behaviour/transformation during thermal
processing is a difficult task (Jak et al., 1998)
when applying tradition methods (Hanxu et
al., 2006).
FACTSAGE™ simulation of the slagging
process provides a means by which mineral
behaviour/transformation towards equilibrium
conditions can be predicted. It is an important
tool that can be used to describe equilibrium
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FACTSAGE™ thermo-equilibrium simulations of mineral transformations in coal combustion ash
ash properties, mineral transformation, behaviour of
inorganic components, and the slagging tendency of coal ash
at specific temperatures (van Dyk and Waanders, 2008),
which can then be compared to experimental results. The
modelling software was developed mainly for complex
chemical equilibrium and process simulations, but can also
be used to calculate and manipulate phase diagrams for
minerals and mineral complexes (van Dyk et al., 2009). One
of the advantages of using the FACTSAGE™ databases is
that carbon reactions can be studied in conjunction with
minerals, while still being able to change atmospheric
conditions (van Dyk et al., 2006). The FACTSAGE™
software can also provide information on the phases that
have reached equilibrium during thermal processing, the
compositions of these phases and the proportions in which
they are present (Hanxu et al., 2006). A wide range of
thermochemical calculations can also be performed with the
FACTSAGE™ software (Hanxu et al., 2006; Zhao et al.,
2013).
A FACTSAGE™ model was developed by van Dyk et al.
(2006) in order to understand the chemistry and mineral
transformation during a fixed-bed countercurrent gasification
process. This model consisted of a three-zone simulation:
1.
Drying and devolatilization zone
2.
Gasification zone
3.
Combustion and ash zone.
Van Dyk and Waanders (2008) subsequently developed a
modified model that consisted of a two-zone simulation:
1.
2.

Drying, devolatilization, and gasification zone
(reduction zone)
Combustion and ash zone (oxidation zone).

Both the original and improved thermodynamic
equilibrium models were validated with high-temperature Xray diffraction (HT-XRD) (van Dyk and Waanders, 2008; van
Dyk et al., 2008).
The recovery of inorganic compounds from coal ash
produced during thermal processing may be economically
viable. Potassium salts, for example, are used as gasification
catalysts, i.e. they promote the production of methane during
gasification (Nahas, 1983) and lower the operating
temperatures of the gasification process (Green et al., 1988).
Coal ash represents a good potential source of potassium for
re-utilization in industrial processes (Ge, Jin, and Guo.,
2014).
The main aim of this investigation is to not only evaluate
the influence of operating temperatures on slagging
behaviour of South African coal ash, but also to determine if
the addition of a potassium compound to the coal influenced
the slagging behaviour. Various percentages of potassium (as
potassium carbonate) were added to the system (modelling
simulation) for each of the coal samples and the mineral
transformations, especially Al- and K- containing minerals,
tracked.

74/3.14-,542+5'3/$0+,
"$!$
Three South African coal samples (SA1, SA2, and SA3) and
one from the USA (US1) were used. The South African
samples originated from mines in the Mpumalanga region,
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and the USA coal from North Dakota. The samples were
collected by the individual mines, and a representative
sample of 50 kg was used during this study. The samples
were selected so as to represent different ranks of coal, with
ash fractions of various potassium contents and acidities.
The coal rank was determined using the ASTM D388-12
standard. The acidity was determined from the XRF results
(see Table III) using the following equation (van Dyk,
Waanders, and van Heerden, 2008):
[1]
The rank and acidity for the four coal samples are
presented in Table I.

$!$$#"
The coal was prepared by air drying the entire sample as
received from the mine, to reduce the excess moisture not
associated with the coal structure. After drying, the samples
were crushed to < 1 mm using a crusher and ball mill. The
SA2 blend sample was prepared by the addition of potassium
carbonate (5 wt%) to the coal during the milling step in order
to ensure a heterogeneous mixture of additive and coal.
Predicting the influence of potassium content on the
mineral transformation and slagging behaviour was
investigated using FACTSAGE™ modelling. The percentage
potassium added was calculated according to the ash yield of
the coal, i.e. a specific percentage of potassium was loaded to
the sample according to coal ash percentage.

 $#$!"
The coal samples were subjected to ultimate, proximate, and
XRF analysis. Sample preparation was done according to ISO
13909-4: 2001. The ISO standard characterization methods
used on the coal samples are summarized in Table II. The
composition of the coal ash samples was determined by XRF
analysis, and is presented as elemental oxides.

Table I

42542+54)1+1/54-*3,5(0.5/$35(0*.5)04-5,4'-3,
&4'-3
SA1
US1
SA2
SA3

42

%)1+1/

Medium-volatile bituminous
Lignite
High-volatile bituminous
Medium-volatile bituminous

18.4
2.95
2.91
6.31

Table II

04-5)$4.4)/3.14/1025'3/$0+,
%24-,3,

&/42+4.+5'3/$0+

Proximate analysis
Moisture content
Ash content
Volatile content
Fixed carbon
Ultimate analysis
Ash composition (XRF)

ISO 11722: 1999
ISO 1171: 2010
ISO 562: 2010
By calculation
ISO 29541: 2010
ASTM D4326
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FACTSAGE™ 7.2 modelling software was used to investigate
the mineral transformations and speciation of the four coal
samples. The two-zone gasification simulation model (van
Dyk et al., 2008), described earlier, was used. In order to
simulate a real gasification process, similar operating
conditions (i.e. similar flows and conditions such as
temperature, pressure, and mass flow) were used in the
model, (van Dyk, Melzer, and Sobiecki, 2006). Although coal
is a complex heterogeneous material that consists of different
amounts of various organic and inorganic components, to
accommodate the model used for the simulations it was
assumed that coal consists of four basic components:
moisture, fixed carbon, volatile matter, and minerals. The
data was input to the FACTSAGE™ software in elemental
form, i.e. carbon, hydrogen, nitrogen, sulphur, oxygen, and
inorganic components. Input data can also be in mineral or
compound form. For this investigation, the input data was
derived from the results obtained from ultimate, proximate,
and ash composition analyses. The mass flow data for the
volatile matter and fixed carbon was normalized to an
elemental composition, similar to that of ultimate analysis.
Since the ash flow (melt) is composed of a variety of mineral
species, it was normalized to a mass flow for the different
mineral species (van Dyk, Melzer, and Sobiecki, 2006).



  

The model used in this investigation was developed on the
principle that coal flows from the top into the gasifier as gas
flows upwards into the zone that is being modelled. Thus, as
the coal flows downwards into the drying, devolatilization,
and gasification (reduction) zone, it comes into contact with
and reacts with the gas that flows upwards from the
combustion (oxidizing) zone. A similar approach was
followed during the modelling of the combustion (oxidation)
zone. As the organic and mineral components in coal enter
the combustion (oxidation) zone, they react with the reagent
gas that flows into the gasifier at 340°C (van Dyk et al.,
2009). The two modelling zones, as described in van Dyk et
al. (2208), differ in two main respects: the input data used
for the simulations and the temperature range at which the
simulations are run. The temperature range used for the
drying, devolatilization, and gasification (reduction) zone
started at 25°C when the coal enters the gasifier and reacts
with the gas that flows up from the combustion (oxidation)
zone at a maximum temperature of 1400°C (van Dyk and
Keyser, 2014; van Dyk et al., 2009). The databases used for
the FACTSAGE™ calculations were FactFS, FToxid, and
FTmisc. The FactPS database was used for all pure and
gaseous components during simulation, while the FTmisc
database was used for the pure sulphur compound. The melt
phase was imitated using the ‘B-Slag-liq with SO4’ phase,
which forms part of the FToxid database. During the
simulations, only pure compounds from these databases were
considered.

3,*-/,542+5+1,)*,,102
$$#$#" !
The ultimate and proximate analyses results are presented in
Table III. The ash yield varied between 20% and 30% for the
          

different samples. The South African coal samples had a high
volatile content, similar to previous observations for South
African coals (Hattingh et al., 2011).
The ash compositions are presented in Table IV. These
results indicate that the ash samples consist primarily of
alumina (Al2O3) and silica (SiO2), with the K2O content
between 0.43% and 2.06%. The SA2 blend sample with
added potassium had a K2O content of 16.1%. CaO, Fe2O3,
Na2O, and MgO, which were present in moderate percentages,
are known for their fluxing potential during thermal
processing of coal.

 

!"# 

Thermochemical calculations, using the EQUILIB uool which
form part of the FACTSAGE™ modelling software, make it
possible to predict the equilibrium behaviour of the inorganic
compounds during thermal processing. Equilibrium mineral
transformation and slag formation can therefore be predicted;
under specific conditions. The influence of potassium additive
was modelled using the following approach. Potassium
addition was done according to the ash yield of the coal, i.e. a
specific percentage (1, 5, or 10 mass%) of the ash yield is
represented by the potassium oxide seen in Table IV. Figures
1–5 present the FACTSAGE™ simulation graphs for the feed

Table III

-/1'4/3542+5.01'4/35424-,3,5(0.5/$35)04,4'-3,
&%

&

&%"

&%"5-32+

&%

Proximate analysis (air-dried basis)
Moisture (%)
Ash yield (%)
Volatiles (%)
Fixed (%)

3.3
28.3
18.2
50.2

18.0
20.5
30.5
31.0

3.7
28.5
21.2
46.5

4.6
26.8
21.5
47.1

4.0
22.4
21.9
51.7

54.6
3.4
1.3
8.5
0.8

59.1
3.1
1.4
8.9
1.1

-/1'4/35424-,1,541. +.13+54,1,
Carbon (%)
Hydrogen (%)
Nitrogen (%)
Oxygen (%)
Sulphur (%)

56.4
3.0
1.2
7.4
0.5

43.3
3.2
0.7
13.3
1.0

53.7
2.58
1.26
8.94
1.26

Table IV

!5424-,1,5.3,*-/,5(0.5/$35)04-54,$5,4'-3,5 

SiO2
Al2O3
CaO
SO3
Fe2O3
MgO
Na2O
K2O
TiO2
BaO
SrO
MnO
P2O5
Cr2O3

&%

&

&%"

&%"5-32+

&%

63.2
28.5
1.5
1.5
2.0
0.8
0.7
1.5
0.1
0.1

52.2
15.4
9.1
8.1
5.2
3.5
2.9
2.1
0.8
0.6
0.3
0.1
0.1
-

41.6
25.2
13.0
7.6
5.7
3.2
1.1
1.8
0.2
0.3
0.1
0.3
-

36.6
21.6
10.1
5.1
4.9
2.9
0.1
16.1
1.6
0.5
0.3
0.1
0.3
-

55.2
25.9
5.1
4.3
5.5
1.8
0.4
1.3
0.1
0.1
0.1
0.1
-
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coal and coal blend samples in the reduction zone. Figure 6
indicates the AFT versus the percentage of basic compounds,
and Figures 7–9 present the FACTSAGE™ simulation graphs
for the feed coal and coal blend samples in the oxidizing
zone.
As SA1 and SA3, which containeds the lowest
percentages of K2O and MgO, the highest percentages of
SiO2, and had the highest acidity, behave similarly according
to the FACTSAGE™ simulation results, only the results
obtained for SA1 are discussed. US1 and SA2 had similar
acidity values as calculated from the XRF data, and both
contained high percentages of K2O and MgO; hence only the
results from SA2 are discussed. The FACTSAGE™ results for
both SA2 and the SA2 blend are discussed.

#  !"$##$#" !$ !$##$#" !#" 
" 
  
The mineral transformation simulation for SA1 is presented
in Figure 1. From the graph it can be seen that the
temperature at which melt stars to form was predicted to be
1175°C. The temperature at which the melt starts to form
depends on the types of clays and fluxing minerals present in
the coal, their concentrations in the sample, and their melting
temperatures (Liu et al., 2013). The transformation of quartz
(SiO2: S2) to quartz (SiO2: S4) took place as the temperature
increased above 800°C. Even though quartz is inactive during
thermal processing, transformation of the mineral to a more
stable polymorph will take place as the temperature
increases. SiO2 (Sx) refers to a stable phase for the mineral at
a specific temperature (van Dyk, Waanders, and van
Heerden, 2008). Stable phases of the different minerals
present in the sample will influence the AFT. As the
temperature increased above 1175°C, a decrease in the
percentage quartz was observed during the simulation. This
decrease may result from glass formation and partial melting
of quartz (Zhou et al., 2012). According to the simulation
results, sillimanite (Al2SiO5), anorthite (CaAl2Si2O8),
cordierite (Mg2Al4Si5O18), and microcline (KAlSi3O8)
contributed to the percentage melt as these minerals reached
their melting temperatures. This same trend in mineral
transformation was observed for SA3 during the simulation

runs. However, the total percentage slag formed at 1400°C
for SA3 (80%) was higher than that for SA1 (50%). This
may be due to the higher anorthite and cordierite contents in
SA3.
The mineral transformations for SA2 are presented in
Figure 2. High percentages of anorthite are predicted. Other
minerals such as microcline, quartz (S2), quartz (S4), and
enstatite (MgSiO3) are also present but at levels lower than
10%. The percentage melt increased with temperature as the
minerals reach their melting temperatures. US1 exhibited
similar mineral transformation trends to SA2 during the
simulations, although the melt starting temperature was
lower (1025°C) than that of SA2 (1125°C). The total
percentage of slag formed from US1 (86%) at 1400°C was
higher than for SA2 (55%). This may be due to the high
contents of anorthite, diopside, and K- and Na-feldspars
(KAlSi3O8 and NaAlSi3O8) in US1.
The mineral transformation simulation for SA2 blend,
which is the coal sample with added potassium prior to
thermal processing, is presented in Figure 3. From these
results it can be seen that the temperature at which the melt
starts to form was below 1000°C.
The influence of potassium addition to the coal prior to
thermal processing can be seen by comparing the results for
the SA2 blend (Figure 3) with those for SA2 in Figure 2. A
decrease in the melt formation temperature (1125°C to
975°C) and percentage melt formation (55% to 43%) is
observed.

     
  





The modelled influence of added potassium (described in the
previous section) on the slagging behaviour is presented in
Figures 4–6. For SA1, increasing the potassium loading led to
an increase in the percentage melt (Figure 4). The
temperature at which melt formation started remains the
same for the feed coal and blended coal samples. This has
also been observed in other studies (van Dyk, 2006). The
same trend was observed for SA3. The melt starting
temperature was within 25°C for all the samples. The
influence of potassium loading on the coal was observed only
after the melt formation temperature was reached.

!1#*.35 4-)*-4/3+5'123.4-5/.42,(0.'4/102,5(0.5&%5125/$35.3+*)/10250235
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!1#*.35" 4-)*-4/3+5'123.4-5/.42,(0.'4/102,5(0.5&%"5125/$35.3+*)/10250235

!1#*.35 4-)*-4/3+5'123.4-5/.42,(0.'4/102,5(0.5&%"5-32+5125/$35.3+*)/1025023

!1#*.35  4-)*-4/3+512(-*32)350(554++1/1025025,-4##12#53$410*.50(5&%5125/$35.3+*)/10250235

          

A comparison of the melt formation results for the SA2
blend (Figure 3) and the theoretical results calculated for SA2
(Figure 5) shows that the predicted percentages of melt
formation were similar (within 5%). The melt formation
temperature for the SA2 blend (Figure 3) was lower (975°C)
than the theoretical prediction results (1150°C) (Figure 5).
VOLUME 118
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Sample SA2 exhibited the opposite trend – a decrease in
the melt percentage was observed with increasing potassium
loading (Figure 5). The melt starting temperature increased
with additions of 5 and 10 mass% potassium. The same
trends for melt percentage and melt starting temperature were
observed for US1.

FACTSAGE™ thermo-equilibrium simulations of mineral transformations in coal combustion ash
(cooling process). As the graph is read from right to left,
formation of mineral phases is observed, which may indicate
crystallization of mineral phases from the slag. Also seen in
the figures is the decrease in melt percentage as the
temperature of the operating process decreases.

    

!1#*.35 4-)*-4/3+512(-*32)350(554++1/1025025,-4##12#53$410*.50(
&%"5125/$35.3+*)/10250235

From Figure 4 and Figure 5, it can be seen that addition
of potassium carbonate to coal at different loadings had
various influences on the slagging behaviour. The slagging
behaviour of coal depends on the mineral matter present in
the coal. From the XRF results presented in Table IV, it can be
seen that SA2 contained high percentages of basic (K-,
Ca-, Fe-, Na-, and Mg- containing) compounds. The basic
compounds influence the AFT (increasing or decreasing it)
(Hanxu et al., 2006), and also act as fluxing agents when
present in certain percentages in the coal (Jak et al., 1998;
van Dyk, Waanders, Hack, 2008). The concentration of these
compounds, especially Ca-containing species, will determine
their combined influence on the AFT. When high percentages
of basic mineral compounds (Ca2+, K+ Na+, and Fe2+) are
present in a coal sample, an increase in the AFT will
(possibly) be observed. This increase is due to the subliquidus transformation of the mineral phases (Song et al.,
2009). This implies that high percentages of basic mineral
compounds lead to maximum mineral
formation/transformation and the stabilization of these
mineral phases, which in turn increases the AFT (van Dyk,
Waanders, and Hack, 2008). A high AFT will also be
observed with low percentages of basic mineral compounds
present in the coal (Jak et al., 1998). The influence of basic
compounds, especially Ca, on the AFT is presented
schematically in Figure 6. The results (source A and B)
obtained by van Dyk, Waanders, and Hack (2008) are shown
together with the coal samples used in this investigation
(SA1, SA2, SA3, US1). The percentage of basic compounds in
SA1 (4.9%) was lower than that of SA2 (22.9%). This
indicates that SA2 would have a lower AFT than SA1. This
influence of the basic compounds was also predicted by
FACTSAGE™ modelling, and is presented in Figures 4 and 5.

The mineral transformation simulation for SA1 is presented
in Figure 7. As the cooling process starts, sillimanite
(Al2SiO5) and SiO2 (S4 and S2) minerals are formed. Small
percentages of other minerals are also predicted to form
during cooling. The same trend of mineral formation was
again observed for SA3. Simulation of mineral transformation
for SA2 is presented in Figure 8. Crystallization of minerals,
such as calcium feldspar (CaAlSi3O8), cordierite
(Mg2Al4Si5O18), calcium sulphate (CaSO4), SiO2 (S4 and S2),
and potassium feldspar (KAlSi3O8) was predicted to occur as
the temperature decreases. A similar trend was observed for
US1. The simulation of mineral transformation for the SA2
blend is presented in Figure 9. During the cooling process,
crystallization of minerals, such as leucite (KAlSi2O6) and
kalisilite (KAlSiO4) was predicted as the temperature
decreased. The influence of the potassium loading on
behaviour in the oxidizing zone will remain constant, since
slag formation is determined at the highest temperature in
the reducing zone.

02)-*,102,
The mineral transformation and slagging tendencies of
different coal samples were investigated using the
FACTSAGE™ modelling database. The extent of melt
formation increased with increasing operating temperature as
more of the minerals present in the coal undergo melting.
Lower melting temperatures may be due to the fluxing
influence of basic components such as Ca-, Mg-, K , and Fecontaining minerals. The slagging tendencies of the coal
samples were dependent on the specific mineral composition
of the coal and the transformation of these minerals during
thermal processing. Increased potassium loadings according
to the mineral content resulted in an increase in melt
formation for samples SA1 and SA3, while for samples US1
and SA2 it decreased the amount of melt formation. The

"#" !$ !$!"#$#" !" 
Figures 7–9 presents the results obtained for the mineral
transformation simulations for the different coal samples in
the combustion and ash (oxidation) zone. The graphs should
be read from right to left to better understand the flow of the
material as it moves from the top to the bottom of the gasifier
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FACTSAGE™ thermo-equilibrium simulations of mineral transformations in coal combustion ash
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sample have reached equilibrium. Prediction studies were
done on this basis, even though mineral transformations
(reactions) do not reach equilibrium during thermal
processing. Although melt (slag) predictions have been
modelled and verified with the use of this software, not all
mineral interactions between phases can be predicted due the
limitations of the software database.
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latter observation can be explained by the ratios of specific
species and elemental composition, and may be attributed to
the already high content of basic components in US1 and
SA2.
The FACTSAGE™ simulations were modelled according to
an equilibrium model for the gasifier, which predicts mineral
transformations on the assumption that all minerals in the

FACTSAGE™ thermo-equilibrium simulations of mineral transformations in coal combustion ash
The following conclusions can be drawn.
 The temperature at which thermal processing occurs
plays an important role in the extent of melt formation,
mineral transformation, and also the recoverability of
compounds from the ash.
 The addition of potassium to the coal prior to thermal
processing influences not only the extent of melt
formation, but also the AFT, depending on the coal
mineral composition.
 Simulation predictions of the melt percentage from the
theoretical (assumed) addition of potassium to the coal
compared well to the simulation run on the blended
sample (coal sample with potassium). The simulation
runs indicated a ±200°C difference in the melt
formation temperatures. This may due to complex
reactions taking place between the potassium and
mineral phases in the coal, which could not be
predicted by the equilibrium model conditions.
It needs to be remembered that FACTSAGE™ simulations
are only a prediction of what might occur during thermal
processing, and that these predictions are based on
thermodynamic equilibrium conditions. These simulations
provide only an indication on what might actually occur
during thermal processing. Despite this limitation, the
FACTSAGE™ modelling software can be a powerful tool for
predicting coal behaviour, which can be used to optimize
conditions for the different coal burning technologies
available.

!*/*.3580.
 Prediction of the percentage potassium not captured in
the melt or lost through gas formation. This may yield
valuable insights when experimental work is conducted
on the leachability of K-containing compounds.
 Simulation work on the influence of specific
compounds, their percentages, and composition on the
slagging behaviour of coal during thermal processing.
 Further investigations into the reactions of mineral
phases with the potassium compound added to the
coal.
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Graphical analysis of underground
coal gasification: Application of a
carbon-hydrogen-oxygen (CHO)
diagram
by S. Kauchali

Underground coal gasification (UCG) is recognized as an efficient mining
technique capable of chemically converting the coal from deep coal seams
into synthesis gas. Depending on the main constituents of the synthesis gas,
chemicals, electricity, or heat can be produced at the surface. This paper
provides a high-level graphical method to assist practitioners in developing
preliminary gasification processes and experimental programmes prior to
detailed designs or field trials. The graphical method identifies theoretical
limits of operation for sensible gasification within a thermally balanced
region, based primarily on the basic coal chemistry. The analyses of the
theoretical outputs are compared to actual field trials from sites in the USA
and Australia, with very favourable results. A South African coal is studied
to determine the possible synthesis gas outputs achievable using various
UCG techniques: controlled retractable injection point (CRIP) and linked
vertical wells (LVW). For CRIP techniques, an important result suggests that
pyrolysis, and subsequent char production, are important intermediate
phenomena allowing for increased thermal efficiencies of UCG. The
conclusion is that South African coals need to be studied for pyrolysis-char
behaviour as part of any future UCG programme. The results also suggest
that UCG with CRIP would be a preferred technology choice for Bosjesspruit
coal where pyrolysis dynamics are important. Lastly, the use of CO2 as
oxidant in the gasification process is shown to produce syngas with
significant higher heating value.
=-#>:37
Underground coal gasification, pyrolysis, char, thermal balance.

;9:>3289<>;@?;3@6<9=:?92:=@72:=Coal is a commonly utilized fossil fuel,
providing over 40% of global electricity
demand and about 90% of South Africa’s
primary energy needs. However, less than
20% of the known world resources are
suitable for possible extraction using
conventional surface and underground mining
techniques (Andrianopolous,, Korre, and
Durucan, 2015). Underground coal
gasification (UCG) has the potential to recover
the energy stored in coal in an
environmentally responsible manner by
exploiting seams that are deemed unmineable
by traditional methods. The UCG process, if
successfully developed, can increase coal
reserves substantially. For example, in the
Limpopo region of South Africa alone, the
estimated potential for UCG gas, based on
existing geological records, is over 400 trillion
cubic feet (TCF) natural gas equivalent – this
is about a hundred times more gas than the
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existing 4-TCF Pande-Temane natural gas
field reserve in Mozambique (de Pontes,
Mocumbi, and Sangweni, 2014).
Sasol has been producing synthesis gas
from surface gasifiers for over 60 years using
South African bituminous coal that is mined
using traditional methods (van Dyk, Keyser,
and Coertzen, 2006). The authors
acknowledge that South Africa will, for many
years, rely on its abundant coal resources for
energy, with gasification technology playing
an enabling role.
The gasification propensity of low-grade
South African coal was studied by Engelbrecht
et al. (2010) in a surface fluidized bed reactor.
The coal samples from New Vaal, Matla,
Grootegeluk, and Duvha coal mines were high
in ash (up to 45%), rich in inertinite (up to
80%), had a high volatile matter content
(20%) and low porosity. The study established
that these low-grade South African coals were
able to gasify to produce syngas for
downstream processes.
UCG is a thermo-chemical process which
converts coal into a gas with significant
heating value. The process requires the
reaction of coal in air/oxygen (and possibly
with the addition of steam and carbon dioxide)
within the underground seam to produce
synthesis gas (syngas). The primary
components of syngas are the permanent
gases hydrogen, carbon monoxide, carbon
dioxide, and methane along with tars,
hydrogen sulphide, and carbonyl sulphide. The
ash is deliberately left below the ground
within the cavity. A typical gasification cavity
is carefully controlled to operate just below the
hydrostatic pressure to ensure ingress of
subsurface water into the cavity and the
retention of products within the gasification
system. The nature of UCG processes are such
that a limited number of parameters can be

Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram
either controlled or measured. Furthermore, UCG processes
require multidisciplinary integration of knowledge from
geology, hydrogeology. and the fundamental understanding
of the gasification process.
Recent review articles by Perkins (2018a, 2018b) provide
an excellent basis for UCG practitioners. Perkins (2018a)
covered the various methods of UCG as well as the
performance of the methods at actual field sites worldwide.
Of particular interest are the descriptions for drilling
orientations, linking, and operational methods utilized for
UCG: linked vertical wells (LVW), controlled retractable
injection point (CRIP), and the associated variations. The
factors affecting the performance of various UCG trials were
studied as well as an assessment of economic and
environmental issues around UCG projects. Guidelines are
provided for site and oxidant selection based on field trials
from the USA, Europe, Australia, and Canada.
Huang et al. (2012) studied the feasibility of UCG in
China using field research, trial studies, and fundamental
laboratory work comprising petrography, reactivity, and
mechanical tests of roof material. In contrast, Hsu et al.
(2014) performed a laboratory-scale gasification simulation
of a coal lump and used X-ray tomography to assess the
cavity formation. The cavity formation in the experiment was
consistent with a teardrop pattern typical in UCG trials. The
cavity shape and effect of operating parameters on the UCG
cavity during gasification were studied by Jokwar, Sereshki,
and Najafi (2018) using commercial COMSOL software.
Andrianopolous, Korre, and Durucan (2015) developed
models to represent the chemical processes in UCG. In this
study, models previously developed for surface gasifiers were
adapted for UCG processes. The molar compositions and
syngas production from the models were compared to
reported results from a laboratory-scale experiment. A high
correlation of the experimental and modelling results was
achieved.
Zogala (2014a, 2014b) studied a simplistic coal
gasification simulation method based on thermodynamic
calculations for the reacting species as well as kinetic and
computational fluid dynamics (CFD) models. Mavhengere et
al. (2016) developed a modified distributed activation energy
model (DAEM) for incorporation into advanced CFD
calculations for gasification processes.
Yang et al. (2016) reviewed the practicalities of
worldwide UCG projects and research activities over a fiveyear period. Their studies included developments in
computational modelling as well as laboratory and field test
results. The techno-economic prospects of combining UCG
with carbon capture and storage (CCS) was also discussed.
Klebingat et al. (2018) developed a thermodynamic UCG
model to maximize syngas heating values and minimize tar
production from early UCG field trials at Centralia-PSC,
Hanna-I, and Pricetown. The optimization suggested that tar
production in the field trials could be eliminated, with
significant improvements to the syngas heating values.
UCG development has been largely concerned with
establishing methods to enhance well interconnectivity as
well as techniques for drilling horizontal in-seam boreholes.
In addition, methods are sought for the ignition of the coal as
well as appropriate process control to ensure syngas quality.
Site selection criteria have been considered crucial, while the
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contribution from laboratory work is considered to be limited.
This undelines the need for site-specific piloting and testing.
In this study, the focus is restricted to the development of
the UCG process based on the inherent chemical nature of
coal and the specific reactions required to complete the
conversion of solid coal into syngas. A graphical method is
presented that allows an engineer with a basic competence in
chemistry to develop high-level UCG processes without the
need for detailed studies of kinetics, equilibrium, geology,
and hydrogeology. The information obtained from such an
exercise provides a target for the subsequent, and costly, field
trials. The results obtained from the high-level graphical
analyses are compared to UCG outputs from the Rocky
Mountain (USA) and Chinchilla (Australia) trials. An
interesting outcome is that the field trial outputs lie in a
predictively narrow region, regardless of the UCG technique
used. This is useful when new designs, with different coals,
are being planned for UCG. Furthermore, the underground
gasification of a South African coal from Bosjesspruit mine is
studied to determine the possible regions of operation for
producing syngas with the highest heating value suitable for
power generation. A key result here shows that the preferred
method for applying UCG to the coal from Bosjesspruit mine
is the CRIP method, whereby the coal undergoes pyrolysis
and char production prior to gasification.

==6>04=;9@>1@?@+:?05<8?6@4=95>3@1>:@+?7<1<8?9<>;
:=?89<>;7
The representation of gasification reactions on a bond
equivalent phase diagram was advocated by Battaerd and
Evans (1979). The bond equivalent phase diagram is a
ternary representation of carbon, hydrogen, and oxygen
(CHO) where species are represented by the bonding capacity
of the constituent elements. To obtain the bond equivalent
fraction for a species CxHyOz, the contribution by carbon is
4(x), hydrogen is 1(y), and oxygen is 2(z), which is
normalized for each species. Thus, CH4 (methane) is
represented by the midpoint between C and H. Similarly CO2
(carbon dioxide) and H2O (water) are midway between C-O
and H-O respectively. CO (carbon monoxide) is one-third
between C-O, as shown in Figure 1. According to Kauchali
(2017), the important gasification reactions are obtained by
considerations of the intersection of the feed (coal)-oxidant
(steam, oxygen, or carbon dioxide) with the following lines:
H2-CO, H2-CO2, H2-CO, CH4-CO and CH4-CO2 (Figure 1).
These intersections represent the stoichiometric region in
which sensible gasification occurs – outside of these regions
an excess amount of coal (carbon) or oxidants is evident,
implying that they do not react within the gasification
system. A further analysis of the intersections indicates the
inherent thermal nature of the reactions, some of which are
endothermic while others are exothermic. The endothermic
and exothermic nature of the important reactions will be
further explained in the examples that follow from the
various field trials.
In an idealized underground gasification process the
system must be overall thermally balanced so that there is no
net heat released or added to the cavity. This requirement
further limits the region of operation of thermally balanced
gasification reactions.
In addition, the following criteria (Wei, 1979; Kauchali,
          

Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram
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The graphical representation of the UCG processes is depicted
on a ternary CHO diagram. The three different coals (USA,
Australia, and South Africa) and the oxidants (steam, oxygen
or carbon dioxide) are represented on the diagrams as feed
points. From the representation of the feed points and the
various intersections with the product lines (H2-CO, H2-CO2,
H2-CO, CH4-CO and CH4-CO2), a region of stoichiometrically
acceptable gasification products is obtained. This
stoichiometric region is a mass balance region indicating the
possible combinations of elements (C, H, and O) resulting
from the various reaction schemes during gasification. This
stoichiometric region thus represents the maximum allowable
area and possible products that can be obtained. Once the
reactions governing the stoichiometry are obtained, the
          

possible pairing of endothermic-exothermic reactions can be
established. This requires the thermodynamic properties
(heat of formation) of each species participating in the
reaction. The combinations of the reaction pairs (exothermic
and endothermic) lead to thermally balanced points where
the reactions have a heat of reaction of zero (kJ/mol). This
thermally balanced point represents a ‘balanced’ UCG process
and is also plotted on the CHO diagram. Depending on the
number of possible exothermic and endothermic
stoichiometric reactions, a number of thermally balanced
points exist. A study of the thermally balanced reaction
points will result in identifying a smaller subset of reactions
that will form the basic reactions, i.e. the extreme reactions
that will form a boundary around all other thermally balanced
reactions. These extreme reactions are referred to as ‘linearly
independent thermally balanced reactions’ and are unique for
every coal used. The linearly independent reactions are also
plotted on the CHO diagram and the region enclosed by them
is shaded to indicate the ‘thermally balanced region’ for the
specific coal. These calculations can be repeated for chars
resulting from the drying and pyrolysis of the parent coal,
provided that the data is available.
The information thus obtained enables the determination
of important gasification parameters such as the type of
oxidants to use, the ratio of C:H or C:O going into the
gasification process, the UCG technique required for
maximum energy, and product recovery.
The following sections essentially provide the graphical
development for a US and an Australian coal, and South
African coal and char.
VOLUME 118



 

1069



2017) are used to decide on reactions that will form the
overall mass and energy balances:
 Feed components may not appear in the product. For
example, any gasification reaction that uses
steam/oxygen as oxidant cannot have water as a
product.
 The reactions on the CHO diagram represent the
maximum region they enclose – mathematically, the
intersection points represent the extreme points of a
linearly independent reaction system.
 The extreme reactions points, representing overall
stoichiometry, will lie on either of the lines H2-CO, H2CO2, H2-CO, CH4-CO and CH4-CO2.

Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram
Table I

69<4?9=@?;3@*@?;?6-7<7@>1@)>8&-@/>2;9?<;@8>?6
3:-@,?3?09=3@1:>4@?9<>;?6@ ;=:+-@=85;>6>+?(>:?9>:-@.
)>8&-@/>2;9?<;@8>?6
,<:3:-@#%#.
Carbon

67.45

Hydrogen

4.56

Nitrogen

0.96

Sulphur

0.98

Chlorine

0.01

Ash

11.03

Oxygen

15.01

CV (MJ/kg)

19.8

Table II

/>6?:@8>40>7<9<>;@>1@)>8&-@/>2;9?<;@7-;+?7
,?3?09=3@1:>4@ =;;<7@.
)>8&-@/>2;9?<;@7-;+?7@
Component

ELW

CRIP

Hydrogen

32.7

39.6

Methane

10.1

10.3

Carbon monoxide

8.2

11.9

Carbon dioxide

45.7

35.3

Hydrogen sulphide

0.8

0.6

Nitrogen

0.5

0.5

Argon

0.2

0.1

Higher hydrocarbons

1.8

1.7

;?6-7<7@>1@)>8&-@/>2;9?<;@,.@1<=63@9:<?67
Subbituminous coal from the Rocky Mountain site was
gasified using UCG (Dennis, 2006). The coal had a chemical
formula CH0.811O0.167 and a calculated heat of formation
(from coal CV) of –203.1 kJ/mol. Table I represents the
ultimate analysis. In Table II, the syngas output from the two
UCG operations employed is shown, namely extended linking
well (ELW) / linked vertical well (LVW) and controlled
retractable injection point (CRIP) (Dennis, 2006). The ELW

technique used two vertical wells about 40 m apart but linked
to a horizontally drilled gas production well. The CRIP
method used two directionally drilled horizontal wells into
the coal seam: one for steam and oxygen injection and the
second for syngas recovery. The ELW and CRIP methods
produced syngas with different compositions.
In the final technical report on the site, Dennis (2006)
discussed two technologies, both using a combination of
steam and oxygen as oxidants. The report details the dry gas
composition for ELW and CRIP operations. The ELW site used
a steam to oxygen ratio of approximately 1.88 and the CRIP
site a ratio of approximately 2.04. Tables III and IV represent
the stoichiometric reaction scheme adapted for the Rocky
Mountain coal and the thermally balanced reactions
respectively. Table V lists the standard heat of formation per
compound required to determine the heat of reaction for the
respective systems for all samples considered in this study. In
Table V, the standard heat of formation for coal was
calculated from the coal CV, assuming total combustion to
liquid water and carbon dioxide only. For the char, an
estimate of the CV of char from South African coals was used
as derived by Theron and le Roux (2015).
Table III is obtained by consideration of the intersection
of the line joining Rocky Mountain coal with oxygen/steam
and the lines H2-CO, H2-CO2, H2-CO, CH4-CO and CH4-CO2
(Figure 1). It is noted that eight reactions (r1 to r8) form the
basis of the stoichiometric region within which gasification
occurs. Moreover, two of these reactions are exothermic: r2
and r6. Table IV is thus obtained by taking linear
combinations of exothermic-endothermic pairs such that the
overall heat of reaction is zero, leading to a further 16
reactions. At these conditions the gasification reactions are
considered to be thermally balanced and are considered the
‘desirable’ operation from a mass and energy perspective. For
UCG, this implies that the cavity is ‘self-sustaining’ from an
energy perspective and assuming that there are no heat or
mass losses from the system.
A matrix analysis of the thermally balanced reactions in
Table IV indicates that there are in fact only four linearly
independent thermally balanced reactions (zero heat of
reaction). Also included are the calculated standard state
higher heating values (HHV), in MJ/m3, of the syngas
produced (with air as the source of oxygen), as given
by Li et al. (2004).

Table III

"?6?;8=3@79><85<>4=9:<8@:=?89<>;7@1>:@)>8&-@/>2;9?<;@8>?6
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r1

CH0.811O0.167 + 0.4165O2 CO + 0.4056H2

91.9 (endothermic)

r2

CH0.811O0.167 + 0.9165O2  CO2 + 0.4056H2

–191.3 (exothermic)

r3

CH0.811O0.167 + 0.8331H2O  CO + 1.2387H2

293.3 (endothermic)

r4

CH0.811O0.167 + 1.8331H2O  CO2 + 2.2387H2

251.92 (endothermic)

r5

CH0.811O0.167 + 0.3151O2  0.2028CH4 + 0.7972CO

99.1 (endothermic)

r6

CH0.811O0.167 + 0.7137O2  0.2028CH4 + 0.7972CO2

–126.7 (exothermic)

r7

CH0.811O0.167 + 0.4202H2O 0.4129CH4 + 0.5871CO

208.1 (endothermic)

r8

CH0.811O0.167 + 0.7137H2O 0.5597CH4 + 0.4403CO2

159.62 (endothermic)
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Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram
Table IV
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A

CH0.811O0.167 + 0.5788O2  0.6756CO + 0.32446CO2 + 0.4056H2

B

CH0.811O0.167 + 0.3289H2O + 0.5547O2  0.3948CO + 0.6052CO2 + 0.7345H2

r2 + r3

C

CH0.811O0.167 + 0.7912H2O + 0.5209O2 CO2 + 1.1969H2

r2 + r4

D

CH0.811O0.167 + 0.5203O2  0.1336CH4 + 0.3412CO2 + 0.5252CO + 0.1384H2

r2 + r5

E

CH0.811O0.167 + 0.2013H2O + 0.4776O2  0.1978CH4 + 0.521CO2 + 0.2812CO + 0.2114H2

r2 + r7

F

CH0.811O0.167 + 0.3891H2O + 0.4169O2  0.3051CH4 + 0.6949CO2 + 0.1845H2

r2 + r8

G

CH0.811O0.167 + 0.5415O2  0.0853CH4 + 0.3351CO2 + 0.5796CO + 0.2351H2

r6 + r1

H

CH0.811O0.167 + 0.2513H2O + 0.4984O2  0.1416CH4 + 0.5567CO2 + 0.3016CO + 0.3736H2

r6 + r3

I

CH0.811O0.167 + 0.6134H2O + 0.4749O2  0.135CH4 + 0.865CO2 + 0.7491H2

r6 + r4

J

CH0.811O0.167 + 0.4901O2 0.2028CH4 + 0.3498CO2 + 0.4473CO

r6 + r5

K

CH0.811O0.167 + 0.159H2O + 0.4437O2 0.2823CH4 + 0.4956CO2 + 0.2221CO

r6 + r7

L

CH0.811O0.167 + 0.3158H2O + 0.3979O2 0.3607CH4 + 0.6393CO2

r6 + r8

Table V

'=?97@>1@1>:4?9<>;@1>:@79?;3?:3@8>40>2;37@8>?67
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Water (g)

–241.80

Water (l)

–285.80

Carbon monoxide

–111.25

Carbon dioxide

–394.45

Methane

–75.75

Rocky Mountain coal

–203.13

Chinchilla coal

–112.27

Bosjesspruit Coal

–212.67

Bosjesspruit char

–14.11

r2 + r1

Figure 1 illustrates the thermally balanced region
(shaded grey area) based on the four basic reactions A, C,
L, and J. It is of interest to note the position of the syngas
(X) from the ELW and CRIP UCG field trials, which the
proximity of the field trial results relative to the theoretical
developments (grey shaded region) based only on the coal
thermodynamic properties. Furthermore, it is noted that
the theoretical HHV ranges from 6.95–14.34 MJ/m3 (for
pure oxygen blown) with an average of 10.64 MJ/m3 and
confirms the actual values of about 9.5 MJ/m3 reported by
Perkins (2018a). The highest HHV reported at L is not
achievable due to equilibrium considerations, as the high
temperatures required for gasification favour the
destruction of methane and the production of CO2, leading
to lower HHV values.

Table VI

<;=?:@<;3=0=;3=;9@95=:4?66-@(?6?;8=3@:=?89<>;7@#<95@5<+5=:@5=?9<;+
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>
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A

CH0.811O0.167 + 0.5788O2  0.6756CO + 0.32446CO2 + 0.4056H2

C

CH0.811O0.167 + 0.7912H2O + 0.5209O2 CO2 + 1.1969H2

3.68

J

CH0.811O0.167 + 0.4901O2 0.2028CH4+0.3498CO2+ 0.4473CO

4.84

L

CH0.811O0.167 + 0.3158H2O + 0.3979O2 0.3607CH4+0.6393CO2

5.77

3.84

Table VII

69<4?9=@?;?6-7<7@>1@/?8?6<79=:@8>?6@7=?4@3:-@?751:==@(?7<7@,?3?09=3
1:>4@2==;76?;3@ =0?:94=;9@>1@/<;=7@?;3@ ;=:+-@
.@
/?8?6<79=:@8>?6
Carbon

80.2

Hydrogen

6

Nitrogen

1.5

Sulphur

0.7

Oxygen

11.6
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CV (MJ/kg)

Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram
Table VIII

/>6?:@8>40>7<9<>;@>1@7-;+?7@1:>4@95=@/?8?6<79=:@8>?6@=?4@
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,.
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*!@<9=7
*5<;85<66?@,*)?.
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=:&<;7@, ?.
=:&<;7@, ?.

"6>>3#>>3@*:==&@,*).
=:&<;7@, ?.

Nitrogen

43

45

-

44.7

Hydrogen

22

20

44.5

20.9

Carbon monoxide

7

10

10.1

2.6

Carbon dioxide

19

15

31.9

21.6

8

10

10.6

8.6

6.6

5

9.9

5.7

Methane
Heating value (MJ/m3)

Table IX
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r1

CH0.898O0.108 + 0.4458O2  CO + 0.4489H2

1.02 (endothermic)

r2

CH0.898O0.108 + 0.9458O2  CO2 + 0.4489H2

–282.2 (exothermic)

r3

CH0.898O0.108 + 0.8915H2O  CO + 1.3404H2

216.6 (endothermic)

r4

CH0.898O0.108 + 1.8915H2O  CO2 + 2.3404H2

175.2 (endothermic)

r5

CH0.898O0.108 + 0.3335O2  0.2244CH4 + 0.7756CO

8.9 (endothermic)

r6

CH0.898O0.108 + 0.7213O2  0.2244CH4 + 0.7756CO2

–210.6 (exothermic)

r7

CH0.898O0.108 + 0.4447H2O 0.4468CH4 + 0.5532CO

124.4 (endothermic)

r8

CH0.898O0.108 + 0.7213H2O 0.5851CH4 + 0.4149CO2

78.7 (endothermic)

Table X

5=:4?66-@(?6?;8=3@:=?89<>;7@1>:@95=@/?8?6<79=:@8>?6@7=?4@
>

)=?89<>;

*>4(<;?9<>;

A

CH0.898O0.108 + 0.4476O2  0.9964CO + 0.0036CO2 + 0.4489H2

B

CH0.898O0.108 + 0.5044H2O + 0.4107O2  0.5657CO + 0.4343CO2 + 0.4489H2

r2 + r3

C

CH0.898O0.108 + 1.167H22O + 0.3623O2 CO2 + 1.6159H2

r2 + r4

D

CH0.898O0.108 + 0.3524O2 0.2175CH4 + 0.0309CO2 + 0.7516CO + 0.0139H2

r2 + r5

E

CH0.898O0.108 + 0.3086H2O + 0.2894O2  0.3101CH4 + 0.306CO2+ 0.3839CO + 0.1374H2

r2 + r7

F

CH0.898O0.108 + 0.564H2O + 0.2063O2  0.4575CH4 + 0.5425CO2 + 0.0979H2

r2 + r8

G

CH0.898O0.108 + 0.4471O2  0.0011CH4 + 0.0037CO2 + 0.9952CO + 0.4467H2

r6 + r1

H

CH0.898O0.108 + 0.4396H2O + 0.3657O2  0.1138CH4 + 0.3932CO2 + 0.493CO + 0.6609H2

r6 + r3

I

CH0.898O0.108 + 1.033H2O + 0.3275O2  0.1019CH4 + 0.8981CO2 + 1.278H2

r6 + r4

J

CH0.898O0.108 + 0.3494O2 0.2244CH4 + 0.0317CO2 + 0.7438CO

r6 + r5

K

CH0.898O0.108 + 0.2796H2O + 0.2678O2 0.3642CH4 + 0.288CO2 + 0.3478CO

r6 + r7

L

CH0.898O0.108 + 0.5251H2O + 0.1962O2  0.487CH4 + 0.513CO2

r6 + r8

;?6-7<7@>1@*5<;85<66?@?;3@"6>>3#>>3@*:==&
,279:?6<?.@1<=63@9:<?67
The Australian UCG projects were performed on the
Macalister coal seam of the Walloon Coal Measures. At the
Bloodwood Creek location the coal seam was about 200 m
deep and 13 m thick, while at the Chinchilla, the depth was
130 m and the seam thickness 4 m. Coal quality data was
obtained from the Queensland Department of Mines and
Energy (1999) with respect to the use of Walloon coals (subbituminous) for power generation. Though analysis of the
coal was reported on both the as-received and dry ash-free
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r2 + r1

basis, the product gas was reported (in Kačur et al., 2014)
only on a moisture-free basis. For this reason, the Macalister
coal points are plotted as dry only, as seen in Table VII. Table
VIII provides the syngas compositions obtained from various
UCG methods and trials (Queensland Department of Mines
and Energy, 1999).
The chemical formula for the Macalister coal seam is
CH0.898O0.108, with the heat of formation being –112.27
kJ/mol. Table IX considers the eight balanced stoichiometric
reactions for gasification of Macalister coal with steam and
oxygen. Table X provides the thermally balanced reactions
          

Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram
Table XI

<;=?:@<;3=0=;3=;9@95=:4?66-@(?6?;8=3@:=?89<>;7@1>:@95=@/?8?6<79=:@8>?6
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A

CH0.898O0.108 + 0.4476O2  0.9964CO + 0.0036CO2 + 0.4489H2

C

CH0.898O0.108 + 1.167H2O + 0.3623O2 CO2 + 1.6159H2

5.19

J

CH0.898O0.108 + 0.3494O2 0.2244CH4 + 0.0317CO2 + 0.7438CO

7.95

L

CH0.898O0.108 + 0.5251H2O + 0.1962O2 0.487CH4 + 0.513CO2

11.18

5.86

<+2:=@!:?05<8?6@:=0:=7=;9?9<>;@>1@/?8?6<79=:@2;3=:+:>2;3@8>?6@+?7<1<8?9<>;@

          

(Figure 1). Lastly, the operation of a UCG cavity for power
generation at L (where the HHV appears to be the highest)
may not be feasible due to the equilibrium being favoured to
H2-CO. However, the equilibrium may be favourable at J,
allowing for the production of methane and hence a higher
heating value syngas (7.95 MJ/m3) may be obtained from
air-blown gasification only without the need to use steam.
The natural ingress of water into the cavity may not allow for
air-blown UCG only and in this case, to obtain the highest
HHV, the UCG would be operated along line J-L and not L-C
as trialled by the different sites. It is noted that points along
L-C for the field trials were to produce syngas for
downstream liquid fuels production.

!?7<1<8?9<>;@?;?6-7<7@>1@>295@1:<8?;@">7=770:2<9
8>?6@1>:@*!@
Based on the findings from the CHO diagrams for US and
Australian coals developed here, this study attempts to
predict syngas production by UCG of a South African coal
from Sasol’s Bosjesspruit Colliery. The colliery is based in the
VOLUME 118
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associated with pairing the two exothermic reaction (r2 and
r6) with the other endothermic reactions. Table XI lists the
four independent linear equations for the Macalister coals.
Figure 2 represents the gasification propensity of the
Macalister coal. The thermally balanced region, represented
by the shaded grey area, outlines the possible region where
favourable UCG conditions may occur. The field test results
(X) of the syngas composition from Chinchilla and
Bloodwood Creek fall within the thermally balanced region.
This confirms the method of UCG operation practised by the
operators. Of particular interest is that all UCG methods (CRIP
or LVW etc.) appear to operate within or near the thermally
balanced region. The range of HHV for the UCG syngas is
predicted to be within 5.19–11.18 MJ/m3 (Table XI). The
Macalister coal seam data exhibits another interesting feature
in that a portion of the thermally balanced region crosses the
H2-CO line toward the CH4-CO line, indicating that methane
formation at equilibrium (high temperature) may be feasible.
This could also be a possible reason for the presence of coal
seam methane in Australian coals, not seen in USA coals

Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram
Table XII

*5?:?89=:<79<87@>1@">7=770:2<9@8>?6@?;3@>6?9<6=
4?99=:@1>:@72((<924<;>27@8>?6
?:?4=9=:

?62=

Proximate analysis (air-dry w/w%)
(Pinheiro, 1999)
Moisture
Ash
Volatile matter
Fixed carbon
Calorific value as-received (MJ/kg)

3.9
32.8
21.6
52.2
18.88

Ultimate analysis (air-dry w/w%)
Carbon
Hydrogen
Oxygen
Molecular formula (as received
Heat of formation (calculated) (KJ/mol)

50.48
2.74
7.24
CH0.75O0.16)
-212.6

Volatile matter analysis (w/w%) for
sub-bituminous coal
(van Dyk, 2014)
H2O
H2
CH4
CO
CO2
N2
Tar and oils

2.9
0.15
4.01
0.98
7.2
2.1
5.6

Highveld Coalfield, South Africa. The bituminous coal is high
in ash and typically inertinite-rich. The CHO diagram is used
to demonstrate the stoichiometric region in which sensible
gasification (i.e. conversion of solid coal to syngas) occurs.
From the analysis of the thermally balanced reactions, a
region for UCG is determined from which various syngas
compositions are analysed for downstream processes: syngas
for the Fischer Tropsch (FT) process requiring 2H2:1CO ratios
and syngas for power production. An analysis of the ELW
and CRIP methods for UCG of Bosjesspruit coal will be
studied. Lastly, the feasibility of using CO2 as oxidant for
UCG is considered.

"!" !$ $%#%#$$$! %#"
The characteristics of the Bosjesspruit coal are provided in
Table XII, from which the molecular formula is determined to
be CH0.75O0.16 (for coal as received), with the heat of
formation being –212.6 KJ/mol (Pinheiro, 1999). It must be
noted that the volatile matter and char analyses used here
were not determined experimentally but are derived from
another South African sub-bituminous coal (van Dyk, 2014).
The molecular formulae and heats of formation of
Bosjesspruit coal and the Rocky Mountain coal are similar.

"$$%#% %#!%#$$$! %#"%"%"!

Char analysis (calculated)
Calorific value (MJ/kg)
Molecular formula
Heat of formation (KJ/mol)

34
CH0.477O0.042
-14.1

An analysis of the Bosjesspruit coal, similar to the US and
Australian coals, is considered based on the details in Table
XII. The oxidants are assumed to be air and steam, from

Table XIII

"?6?;8=3@79><85<>4=9:<8@:=?89<>;7@1>:@">7=770:2<9@8>?6@
>
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r1

CH0.75O0.16 + 0.42O2  CO + 0.375H2

101.3 (endothermic)

r2

CH0.75O0.16 + 0.92O2  CO2 + 0.375H2

–181.9 (exothermic)

r3

CH0.75O0.16 + 0.84H2O  CO + 1.215H2

304.4 (endothermic)

r4

CH0.75O0.16 + 1.84H2O  CO2 + 2.215H2

263.0 (endothermic)

r5

CH0.75O0.16 + 0.326O2  0.187CH4 + 0.812CO

107.9 (endothermic)

r6

CH0.75O0.16 + 0.73O2  0.187CH4 + 0.812CO2

–122.1 (exothermic)

r7

CH0.75O0.16 + 0.435H2O 0.405CH4 + 0.595CO

220.9 (endothermic)

r8

CH0.75O0.16 + 0.732H2O 0.554CH4 + 0.446CO2

171.7(endothermic)

Table XIV
Linear independent thermally balanced reactions for Bosjesspruit coal with higher heating
values (MJ/m3)

>
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A

CH0.75O0.16 + 0.599O2  0.642CO + 0.358CO2 + 0.375H2

C

CH0.75O0.16 + 0.752H2O + 0.544O2 CO2 + 1.127H2

3.5

J

CH0.75O0.16 + 0.517O2 0.187CH4 + 0.381CO2+ 0.431CO

4.4

L

CH0.75O0.16 + 0.304H2O + 0.428O2 0.34CH4 + 0.66CO2

5.2
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Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram
Table XV
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r1

CH0.477O0.0428 + 0.4786O2  CO + 0.2385H2

–97.1 (exothermic)

r2

CH0.477O0.0428 + 0.9786O2  CO2 + 0.2385H2

–380.3 (exothermic)

r3

CH0.477O0.0428 + 0.9572H2O  CO + 1.1957H2

134.3 (endothermic)

r4

CH0.477O0.0428 + 1.9572H2O  CO2 + 2.19575H2

92.9 (endothermic)

r5

CH0.477O0.0428 + 0.4189O2 0.1193CH4 + 0.8807CO

–92.9 (exothermic)

r6

CH0.477O0.0428 + 0.8593O2  0.1193CH4 + 0.8807CO2

–342.3 (exothermic)

r7

CH0.477O0.0428 + 0.5586H2O 0.3986CH4 + 0.6014CO

52.1 (endothermic)

r8

CH0.477O0.0428 + 0.8594H2O 0.5489CH4 + 0.4511CO2

2.4 (endothermic)

Table XVI

<;=?:@<;3=0=;3=;9@95=:4?66-@(?6?;8=3@:=?89<>;7@1>:@">7=770:2<9
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Ac

CH0.477O0.0428 + 0.4017H2O + 0.2777O2 CO + 0.6403H2

Cc

CH0.477O0.0428 + 1.573H2O + 0.1921O2 CO2 + 1.8115H2

6.5

Jc

CH 0.477O0.0428 + 0.1505O2 + 0.358H2O 0.2983CH4 + 0.7017CO

13.3

Lc

CH0.477O0.0428 + 0.8534H2O + 0.006O20.5459CH4 + 0.4541CO2

21.2

7.7

<+2:=@!:?05<8?6@:=0:=7=;9?9<>;@>1@">7=770:2<9@8>?6@?;3@85?:@2;3=:+:>2;3@8>?6@+?7<1<8?9<>;

          

Australian coals have not been considered due to lack of
information on the pyrolysis and char products of those
coals.
Figure 3 represents the gasification reactions for the
Bosjesspruit coal and char. The thermally balanced region for
VOLUME 118



 

1075



which Tables XIII and XIV are derived for the stoichiometric
basis reactions and the four thermally balanced independent
reactions respectively. Table XV and Table XVI are for the
char resulting from the drying and pyrolysis of the
Bosjesspruit coal. The char analyses for the US and

Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram
coal is represented by the light grey area bounded by points
A,C,L, and J, and for the char by Ac, Cc, Lc, and Jc (dark
grey). There is a resemblance to Rocky Mountain coal (Figure
1) as both the molecular formulae and heat of formation
values are similar, and hence the thermally balanced regions
appear very similar. The syngas resulting from the CRIP
method for Rocky Mountain coal appears to be an outlier
from the thermally balanced region in Figure 1. However, if
the similarity of the Bosjesspruit coal is applied to the Rocky
Mountain coal, then the Bosjesspruit char thermally balanced
region will be sufficient to predict the Rocky Mountain char
gasification behaviour. In this case, the CRIP result for Rocky
Mountain coal would fall within the char gasification
thermally balanced region. This is an important result,
suggesting that UCG using CRIP leads to pyrolysis and
subsequent char gasification, which is not prominent in LVW
methods.
The effect of coal drying and pyrolysis is evident from
Figure 3, where the char thermally balanced region has
significantly enlarged with a higher achievable HHV (6.5–
21.2 MJ/m3) than for coal (3.5–5.2 MJ/m3). This thermally
balanced region is more efficient and shows the importance
of allowing the coal to dry and pyrolysis to occur prior to
gasification. Also, the equilibrium at Jc is favourable, thus
allowing the production of methane and carbon monoxide
with higher HHV (13.3 MJ/m3) with air as oxidant.

%$% %#!%#$$$! %#"%
The models for UCG methodologies are complex (Perkins,
2018a). Andrianopolous, Korre, and Durucan (2015)
attempted to model LVW and CRIP. Their description of the
mechanisms for CRIP suggests that there are roof-top and
floor-bottom (spalled roof material that falls to the bottom)
gasification steps resulting in different gas compositions that

ultimately mix and exit the reactor cavity. This suggests that
there is a greater degree of drying and pyrolysis products
mixing with the syngas from char gasification. In comparison
to the LVW method, the high-temperature gasification zone is
localized near the reactor injection point, implying that any
pyrolysis product from freshly exposed coal surfaces will
eventually react to form the final exit gases. The implication
of this analysis is that LVW follows the UCG thermally
balanced results obtained for coal (Figure 3 – light grey area),
while CRIP follows the char reactions (Figure 3 – dark grey
area). These results for LVW (or ELW) are confirmed by the
USA (Figure 1) and Australian (Figure 2) trials, where both
ELW/LVW lie within the thermally balanced region for the
coals (not char). This leads to the conclusion that South
African coals need to be studied further to determine the
pyrolysis-char behaviour prior to deciding on the UCG
method. The results also suggest CRIP would be the preferred
technology choice for Bosjesspruit coal, where the pyrolysis
dynamics are important.

! #$%#%$"$%#  %#!% %"% %#!
#$$$! %#"%
Based on the analysis above, Figure 4 depicts the possible
outputs for CRIP and LVW (dotted semicircles) with the
optimal steam-oxygen ratios (solid semicircles) for liquid fuel
production. The outputs are based on the assumption that
field trials will obtain gasification outputs similar to surface
gasifiers, which are typically designed for 2H2:1CO – this
ratio is satisfied along line PQ in Figure 4. The estimated
HHV for CRIP would be around 8 (max. 13.3) MJ/m3 and 3.5
(max. 4.4) MJ/m3 for LVW. However, for power generation
the UCG CRIP would operate close to Jc, where the maximum
equilibrium HHV is 13.3 MJ/m3 for an air-blown system.

<+2:=@*!@7-;+?7@>290297@1>:@@?;3@*)@1>:@">7=770:2<9@8>?6@?;3@85?:
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Graphical anaylsis of underground coal gasification: Application of a carbon-hydrogen-oxygen (CHO) diagram

<+2:=@!:?05<8?6@:=0:=7=;9?9<>;@>1@">7=770:2<9@85?:@*!@#<95@*

%'
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Table XVII

5=:4?66-@(?6?;8=3@:=?89<>;7@1>:@">7=770:2<9@85?:@*
5=?9<;+@?62=7@,/$%4.
)=?89<>;

#<95@5<+5=:

''@,/$%4.
<:(6>#;@*!

Ac

CH0.477O0.0428 + 0.343CO2 + 0.3071O2 1.343CO + 0.2385H2

Cc

CH0.477O0.0428 + 0.4017H2O + 0.2777O2 CO + 0.6403H2

7.7

Jc

CH0.477O0.0428 + 0.1505O2 + 0.358H2O 0.2983CH4 + 0.7017CO

13.3

Lc

CH0.477O0.0428 + 0.3281CO2 + 0.2549O2 1.2088CO + 0.1193CH4

8.8

"$$%#% %#!%#$$$! %"!%"%
$ " "!%#" $%
A CO2-fed UCG process is possible where a source of pure
CO2 is available, as would be the case at Sasol’s facility in
Secunda where near-pure CO2 is vented to the atmosphere.
Perkins and Vairakannu (2017) considered oxidant and
gasifying medium selection in UCG processes and discussed
the use of CO2/O2. Figure 5 and Table XVII indicate the
theoretical feasibility of operating a UCG process with
CO2/steam/air injection with Bosjesspruit charred coal. Of
          

7.3

particular interest is that the syngas output from such a
process will comprise predominately CO, H2, and CH4, with
significantly high HHV values ranging from 7.3 to 13.3
MJ/m3. A sensible strategy for operating a UCG site with CO2
injection would be to operate near the thermally balanced line
joining Jc and Lc (Figure 5), and preferably slightly to the
right-hand side so that the cavity is operating ‘hot’. The
advantage of operating on the ‘hot’ side is that the excess
heat can be used to create the char required for better
thermodynamic efficiency of the system.
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1077



>
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*>;8627<>;7
The CHO phase diagram proved to be a useful tool for
analysing gasification systems, and in particular for UCG
where a limited number of control parameters exist. The
development of a thermally balanced system for the coals
allowed the prediction of the syngas output within a narrow
region – these regions were tested for US and Australian field
trials and were found to correlate with reasonably accuracy.
This method was able to predict, without prior knowledge of
the UCG technique employed, the flow rates of oxidants,
reaction kinetics, heat and mass transfer kinetics, and
hydrogeology. It was shown that only four reactions govern
the output of any thermally balanced UCG system.
A South African coal was assessed and the effects of
pyrolysis were shown to enhance the thermodynamic
efficiency of the system, leading to a key conclusion that the
determination of pyrolysis propensity and char characteristics
should form part of any future UCG programme. It was
suggested that the CRIP method be used for the Bosjesspruit
coal, where a theoretical maximum syngas HHV can be
obtained (13.3 MJ/m3) when air is used as oxidant. The use
of CO2 in addition to steam and air indicates that a UCG
process for the Bosjesspruit char would be possible and
capable of producing syngas with a HHV value as high as
8.8 MJ/m3.

8&;>#6=3+=4=;97
A part of this work was presented at the workshop held in
2016 by the South African Underground Coal Gasification
Association (SAUCGA). Also, my thanks to Keeshan Moodley
for the presentation, development of the ternary CHO
diagram, and some of the literature field data collation.
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Fully mechanized longwall mining with
two shearers: A case study
by Y. Yuan*, H. Liu*, S. Tu*, H. Wei*, Z. Chen*, and M. Jia†

To reduce production costs and increase efficiency in ageing coal mines, a
system that utilizes two shearers in a fully mechanized longwall working
face is proposed. Using theoretical and engineering experience, three
issues pertaining to the system were determined: (a) the two-shearer
mining technique; (b) matching and modifying the equipment; (c) and
coal-cutting task allocation for each shearer. Two mining processes are
proposed, with the two shearers travelling in either the same or opposing
directions. To avoid breakage of chains and pan extrusion of the armoured
face conveyor (AFC), the length of the AFC ‘snake’ was controlled. To
ensure continuous cutting and transporting of coal, the cross-sectional
dimensions of the AFC were checked and the shearer closer to the head
drive was modified. Based on the assumption of equal cutting times for
each shearer, the meeting position of the two shearers was obtained by
using a theoretical model of mining task allocation. Application of this
technique at No. 2 Jining Mine, China, has shown remarkable benefits:
daily production capacity was increased by 54% and personnel efficiency
was improved by 33 t/d per person.
=:!65*0
super-long working face, two shearers, AFC.‘snake’ length, shearer
modification, coal-cutting task allocation.

7856*138967
All coal mines aim to increase the unit output
of the working face to reduce mining costs and
improve the economic efficiency of the
operation. To achieve this goal, a production
model known as one mining face of the mining
area has been adopted by most Chinese coal
mines (Hu, Meng, and Zhu, 2008; Zhang,
Zhang, and Wang, 2000). Under these
conditions, the main technical approaches to
maximize the output are increasing the width
of the working face (Qu, Xu, and Xue, 2009)
and accelerating the advancing speed
(Robbins, 2000). In coalfields with shallow
seams, the width of a fully mechanized face
exceeds 300 m (Ju and Zhu, 2015; Fu, Song,
and Xing, 2010); in coalfields with deep
seams, the width of the face is usually greater
than 240 m (Liu et al., 2016; Li et al., 2013).
The term ‘super-long working face’ was
proposed to describe working faces with a
width of over 240 m (Zhao and Song, 2016;
Xu et al, 2007) in China. To support these
long working faces with rapid advancing
          

VOLUME 118

* Key Laboratory of Deep Coal Resource Mining,
Ministry of Education of China, School of Mines,
State Key Laboratory of Coal Resources and Safe
Mining, China University of Mining and
Technology, China.
† Yancon Group Company Limited, China.
© The Southern African Institute of Mining and
Metallurgy, 2018. ISSN 2225-6253. Paper received
Dec. 2017; revised paper received Jun. 2018.


 

1079



!76)090

speeds, high-powered mining equipment is
required (Kulshreshtha and Parikh, 2001,
2002; Tu et al., 2009; Mishra, Sugla,and
Singha, 2013). This is easily achieved in
newly built mines, but is not a good choice for
ageing mines because of the low return on a
high investment on account of the limited
remaining resources. It is therefore difficult for
ageing mines to significantly increase their
unit output with the existing mining
equipment. This study focused on this
problem: two shearers were applied to a
longwall fully mechanized working face
(LFMWF) to achieve increased unit output.
It is easy to understand that longwall fully
mechanized mining with two shearers
(LFMMTS) can increase the unit output by
accelerating the advancing speed; however,
this also exacerbates the difficulty of matching
mining equipment and the risks of production
accidents. Jurecka (1987) proposed that it was
reasonable to use two shearers in cases with
tectonic faulting and for cutting roadways.
Bolilasi (1985), using numerical simulation,
proposed that the advancing speed can be
increased by 55 m/d by adding mining
equipment. Niu (2009) theoretically
determined that the efficiency can be increased
by 600 t/h by using two shearers in a 400 m
wide longwall face. Zhang et al. (2009)
proposed and proved the feasibility of a
concept named ‘longwall coal mining face with
a multi coal shearers combined mining
technology’. Wu and Zhang (2012) and Ceng
et al. (2016) showed that using LFMMTS
increased the output and advancing speed of
the LFMWF 11502 at Yushujing Mine, China.

Fully mechanized longwall mining with two shearers: A case study
All previous studies showed that the application of two
shearers can increase the output and efficiency of a working
face; however, use of LFMMTS also exacerbates the difficulty
of matching mining equipment, for example if the capacity of
the AFC does not match the total capacity of the two shearers.
There are also risks of production accidents, such as the
rupture of chains and compression of the AFC when workers
push the AFC to the coal wall and head-on collisions of two
shearers travelling in opposite directions, as there will be one
more AFC ‘snake’.
Based on the current mining equipment in LFMWF 9303
in No. 2 Jining Mine, China, the mining process, equipment
matching and modification, and coal-cutting task allocations
for each shearer were studied. It was shown that LFMMTS
can achieve safe and high-efficiency production. This case
study can provide a reference for a new technical scheme for
safe and efficient mining in coal seams with similar
conditions.

Equipment selection for an LFMWF should take into
account geological and mining conditions, capacity and size
matching of equipment, and coal yield of the face (Álvarez et
al., 2003; Toraño et al., 2008). Based on the coal face
parameters and these principles, the technical parameters of
the major equipment in LFMWF 9303 are summarized in
Table II. The equipment layout of two-shearer fully
mechanized working face (TSFMWF) is shown in Figure 1.

':3.79#1:01097-',(,+9797The TSFMWF technique can be classified according to
whether the two shearers travel in the same direction or in
the opposite directions, as shown in Figure 2.

:626-9342367*989676/,(,<9797-(97:
LFMWF 9303 is 1624.6 m long and 330 m wide across the
gateroad centre. The coal seam dip ranges from 0° to 12° and
is 5° on average. The seam thickness is 2.68 m. The main
roof is interbedded medium- and fine-grained sandstone with
an average thickness of 37.1 m; the friable immediate roof is
siltstone with an average thickness of 0.43 m; the immediate
floor is siltstone with an average thickness of 1.91 m; the
main floor is medium-grained sandstone with an average
thickness of 16.2 m. The geological parameters of the
surrounding rock of LFMWF9303 are shown in Table I.

,9-15:$#19)+:7824!61897,(,

Table I

:626-9342)454+:8:506/0155617*97-5636/,(,
8:+
Main roof
Friable immediate roof
Coal seam
Immediate floor
Main floor

aPry’s

98.626-!

":54-:8.937:00&+%

5! 036://939:784

Interbedded medium- and fine-grained sandstone
Siltstone
Bright coal
Siltstone
Medium-grained sandstone

37.1
0.43
2.68
1.91
16.2

6.0–12.0
2.0–4.0
1.91
2.0–4.0
4.0–8.0

coefficient = protodyakonov coefficient, whose value is equal to one-tenth of the uniaxial compression strength

Table II

':3.79342)454+:8:506/+465:#19)+:7897,(,
8:+
Shearer

Hydraulic support

(471/43815:5

MG400/940-WD

Jixi Coal Mining Machinery Co. Ltd., China

ZY-6400/18.5/38

AFC



1080

(6*:2

SGZ-1000/1400



 

(4978:3.79342)454+:8:50

Zhengzhou Coal Mining Machinery Group Co. Ltd., China

ChinaCoal Zhangjiakou Coal Mining Machinery Co. Ltd., China
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Cutting height (m)

2.2-3.5

Web (m)

0.8

Drum diameter (m)

1.8

Working height (m)

1.85-3.8

Width (m)

1.43

Working resistance (kN)

5753-6540

Setting load (kN)

4557-5180

Supporting intensity (MPa)

0.91

Length (m)

330

Carrying capacity (t/h)

2500

          

Fully mechanized longwall mining with two shearers: A case study
inclined shuffle, after which the AFC is pushed. A certain
distance is required to complete the inclined shuffle. Shearers
A and B then return to cut the remaining triangular area.
After that process, the two shearers start to cut coal regularly
towards each other, until they reach the shared coal-cutting
area. In this technique, the two shearers meet in the middle
of the face, after which shearer A will have an inclined
shuffle and then return to the head drive with regular cutting,
while shearer B will cut the coal wall between the two
shearers and the triangular area left by shearer A, and then
return to the tail drive with regular cutting.

,3670854978047*+6*9/93489676/0.:45:5
The requirements for the AFC and shearers in LFMMTS differ
from those in LFMWF with a single shearer. The AFC should
be checked to avoid rupture of its chains or compression of
its pans. Shearer A should be modified to meet the demands
of coal transportation.

# "!##$ !$ 
Control of ‘snake’ length: When using the OTDM technique,
the chains may be broken and pans squeezed when workers
push the AFC to the coal wall during mid-face operations. It
is therefore necessary to determine the reasonable ‘snake’
length of the AFC.
Checking of cross-sectional dimensions: In productive
practice, the carrying capacity of the AFC must exceed the
total cutting capacity of two shearers. It is necessary to check
that the cross-sectional dimensions of coal piled on the AFC
are adequate to accommodate the coal cut by the two
shearers.

# "!##$ !$#!#!$

,9-15: $563:00/65',(,+9797-0.697-&4%04+:854":2297*95:38967+9797-&' (%47*&%6))6098:854":2297-*95:38967+9797&' (%8:3.79#1:0

 Slipper height—Massive coal is transported by an AFC
in LFMMTS, which needs a higher clearance between
shearer A and the AFC. The slippers of shearer A must
be heightened to enlarge this clearance.
 Drum diameter—Once the slippers are heightened, the
drum diameter of shearer A should be increased
appropriately to cut the coal at the bottom of coal wall.

! #!#$ $#$ !"$ $ 

          

 
The minimum ‘snake’ length (MSL) of the AFC is a very
important parameter for safe and high-efficiency mining. Two
problems can occur if the actual snake length is less than the
MSL: difficulty in pushing the AFC can increase because the
pans are prone to be abraded, and there is an increased risk
of the chains breaking if the tensions between two chains of
the AFC are unbalanced.
Considering the symmetry of the bending section, a
theoretical model (Edwards, 1981; Edwards and Yazdi, 1983)
for a half-bending section was established, as shown in
Figure 3, where N is the number of pans in the half-bending
section, is the included angle between two pans, bw is the
chord length corresponding to , L is the length of a pan and
a is the width, W is the length of ‘snake; S is the width. B is
the distance that the AFC is moved at each turn, and S is the
infinitesimal flexion of a bending section for chain number N.
VOLUME 118
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In the same travelling direction mining (STDM)
technique, shown in Figure 2a, shearer A travels from the
head drive to the middle of the working face and shearer B
travels from the middle of the working face to the tail drive.
The two shearers cut into the coal wall with an inclined
shuffle and a certain distance is required for completing the
shuffle. After the inclined shuffle, the AFC is pushed straight.
The two shearers then return to their initial positions along
the AFC to cut the triangular area by exchanging the
positions of the leading and trailing drums. Shearers A and B
then start to cut coal regularly towards the tail drive, until
they complete the cutting cycle. After one cutting cycle, each
shearer returns to its initial position via the same process,
but towards the head drive.
In the opposite travelling direction mining (OTDM)
technique, shown in Figure 2b, shearers A and B travel from
the head drive and tail drive, respectively, to the middle of
working face. They first cut into the coal wall with an

Fully mechanized longwall mining with two shearers: A case study
800 mm, respectively. Therefore, the maximum value of N is
equal to 7.80 and W = 2NL = 23.4 m. When using the OTDM
technique, a safe distance between two shearers is required
to avoid accidents: this should be greater than the MSL. In
production practice, a safe distance of 30 m is adopted,
known as the shared coal-cutting area. As shown in Figure
2b, the two shearers will be conducting different mining
processes when they reach the shared coal-cutting area.

! #" $"#" $#"$ !$ $"#$ 
#$ $
According to the number and type of spill plates installed on
the AFC, the method for calculating the cross-sectional
dimensions of coal conveyed by the AFC differs (Walker,
1987). The cross-sectional dimensions are shown as
Figure 5.
In Figure 5a, the maximum cross-sectional dimension
(Ad) of the coal conveyed can be described by:
,9-15:$'.:65:89342+6*:2/658.:.42/2:7-8.6/8.:074:6/8.:
,

[6]
Considering the geometrical relationship of those
parameters shown in Figure 3, an expression for S can be
given as:
[1]
By integration:

[2]

where N is the included angle between pan N and the
longitudinal line of the AFC (1 = 1 , 2 = 2 , N = N ) and
bw is the chord length that corresponds to (bw = a /360).
Equation [2] can be rewritten as follows:
[3]

where A1, A2, and A3 are the cross-sectional dimensions of
coal piled in the pan, coal blocked by the spill plate, and coal
in the guiding tube, respectively; h0, b0, and b1 are the
internal height, width, and thickness of the pan, respectively;
h1a is the clear height of coal blocked by the spill plate; b2 is
the distance from the spill plate to the outer edge of the pan;
D is the diameter of the guiding tube; and Ce is the loading
coefficient, the value of which is usually 0.9 (Nie et al.,
2015).
In Figure 5b, the maximum cross-sectional dimension
(Aw) of the coal piled on the AFC can be described as follows:
[7]
where A4 is the cross-sectional dimension of coal piled in a
pan without a spill plate and h1b is the clear height of coal
blocked by the spill plate.

In production practice, B = S − a, so this equation
becomes:
[4]
Equation [4] can be simplified to an expression for N:
[5]

The AFC used in LFMWF 9303 is a SGZ1000/1400 model
(ChinaCoal Zhangjiakou Coal Mining Machinery Co. Ltd.,
China) whose pan is 1500 mm long and 1000 mm wide.
Their angle of rotation is 1°. The distance that the AFC is
pushed at each turn is 800 mm. N is related to B, , and a.
The values of N for different values of B, , and a are shown
in Figure 4.
In Figure 4, the values of N are 7.79, 7.80, and 7.80
when the values of a, , and B are 1000 mm, 1°, and
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In LFMMTS, more coal gets through the clearance between
shearer A and the AFC, which may cause deposition of coal
and gangue plugging. To enlarge the clearance, the slipper
height of shearer A needed to be increased by adding one idle
wheel that can transmit the same power as the original. The
method of increasing the slipper height is shown in Figure 6.
With continuous coal cutting and loading, the maximum
coal-transporting capacity of the AFC (Q) can be described by
Equation [8]. In production practice at LFMWF 9303, Qm =
937.5 t/h, v = 1.2 m/s,  = 1350 kg/m3. The value of A can
then be obtained: A = 0.16 m2.
The underneath clearance should satisfy the following
equation:
[14]
,9-15: $56000:3896742*9+:7096706/3642)92:*6747,&4%98.
47*&%98.61840)922)248:

The relationship between Q (the maximum coaltransporting capacity of the AFC) and A (the cross-sectional
dimension of coal piled on the AFC) can be described as
follows (Nie et al., 2015):
[8]
where v is the speed of the chain,  is the bulk density of coal
piled on the AFC (taken as 0.9 (Nie et al., 2015)), and  is
the density of the coal.
Combining Equations [6] and [8]:

where h is the clearance actually needed; h is the theoretical
clearance; and d is the centre distance of the chain and has a
value of 0.26 m.
Substituting the values of A and d into Equation [14]
gives h  0.61 m. Suppose that the initial height of the
slippers is l, then the height increase from this modification
should be equal to h – l. In production practice, the slipper
height of shearer A was increased by 0.219 m.

 
Owing to the increase in the height of the shearer slippers,
the drums of shearer A cannot reach and cut the coal at the
bottom of the coal wall. To avoid this problem, the drum
diameter has to be increased. The necessary increment of the
drum diameter can be described as:
[15]

[9]

Combining Equations [7] and [8]:
[10]

For the slipper increment of 0.219 m, the drum diameter
should theoretically be increased by 0.438 m. In LFMWF
9303, the actual increment of the drum diameter is 0.428 m,
which was essentially coincident with the theoretical value.

Supposing  is the angle of repose of coal piled on the
AFC, then the maximum heights of coal piled on the AFC
with and without a spill plate can be described, respectively,
as follows:
[11]
[12]
For LFMWF 9303,  = 35°, v = 1.2 m/s,  = 1.35 t/m3,
Qmax = 1800 t/h, b0 = 1 m, h0 = 0.352 m, and the AFC used
has no spill plate, as shown in Figure 5b; therefore, the
maximum height is given by:
[13]

This means that the cross-sectional dimensions of the
coal piled on the AFC can satisfy the yield requirement for
LFMMTS.
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= 0.35 m > h1b = 0.009

Fully mechanized longwall mining with two shearers: A case study
An equation for Lh can then be described as follows:

642318897-8404226348967/65860.:45:50

[20]

#$! #"$"!#" $""$

The task allocation model for two shearers when using the
STDM technique is shown in Figure 7. The key to this
technique is to determine the correct placement of shearer B.
To ensure that all the coal in a working face can be cut,
shearer B should be placed within the range that can be
reached by shearer A.
To save time in a cutting cycle, the mining times of the
two shearers should be equal. An equation for mining time
can then be obtained:

[16]

where L is the width of the working face; Lh is the longest
distance of shearer A from the head drive; Lg is the length of
the AFC bending section; La is the length of shearer A; Lb is
the length of shearer B; Vxa, Vxb, and Vk are the haulage
speeds for inclined shuffle, cutting the triangular area, and of
the shearer when not cutting coal, respectively; and Va and
Vb are the haulage speeds of shearers A and B for regular
cutting, respectively.
Because shearers A and B are the same dimensions, La is
equal to Lb. From Figure 7, the following equation can be
obtained:
[17]
Because Vxa, Vxb, and Vk are slow and easily controlled,
we assumed that these parameters are also equal for the two
shearers. The following equation can then be obtained:
[18]

Equation [17] can be simplified by substituting
Equation [19]:

 
In actual production, the cutting capacity of a shearer
depends on the carrying capacity of transport equipment. In
LFMWF 9303, the equipment with the least transport capacity
is the belt conveyer, which has a carrying capacity of 1600
t/h. To ensure that the belt conveyer is not overloaded, the
total cutting capacity of the two shearers must be less than its
carrying capacity. Therefore, the combined mining speed of
the two shearers should be less than 9.6 m/min.
Furthermore, owing to the speed limit for pulling supports,
the range of haulage speeds for the shearers is 3.6 to 6
m/min. Equation [21] can therefore be simplified as follows:
[21]
Using the limit equilibrium method, the range that can be
reached by shearer A can then be obtained as follows: (i)
when Va is equal to 6.0 m/min, the maximum value of Lh is
196.9 m, which means that the furthest travelling range of
shearer A will be 196.9 m away from the head drive; (ii)
when Va is equal to 3.6 m/min, the minimum value of Lh is
133.1 m, which means that the nearest travelling range of
shearer A is 133.1 m from the head drive.
According to engineering data, the haulage speed of a
shearer satisfies a normal distribution, Va  N(4.8,0.28), and
satisfies P{|X - | < 3 } = 0.9974, so the probability of Va
satisfying P{3.21 < Va < 6.39} is 0.9974. The haulage speed
range of shearer A (3.6 to 6.0 m/min) is an event with large
probability, which is consistent with the actual speed
requirement.
In the STDM technique, suppose that Lp is the advance
distance of shearer A at the end of one working cycle, then a
historical curve of Lh corresponding to Lp can be drawn. The
historical curve of Lh is in production practice is shown in
Figure 8.
When LFMWF 9303 uses the STDM technique, the
distance between shearer A and the drive head is in the range
of 154 m to 177 m after a working cycle, as obtained from
Figure 8. Therefore, the initial arranged placement for shearer
B should be in the same range to ensure that the sum of two
shearers’ movement ranges is equal to the width of the
working face.

[19]
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Fully mechanized longwall mining with two shearers: A case study
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The meeting of the two shearers is a crucial problem that
needs to be resolved when employing the OTDM technique.
As too small an interval between the two shearers may cause
the shearers’ drums to crash into each other, a safe distance
is needed to avoid their meeting. A theoretical meeting model
for two shearers is shown in Figure 9.
Suppose that the mining time of the two shearers is
equal, then the following equation can be obtained:

[22]

where L1 is the distance from shearer A to the head drive
when the distance between two shearers is equal to 30 m.
The other parameters are as defined for Equation [16].
The same shearers and AFC are used in both the STDM
and OTDM techniques, so Equations [17] and [18] can also
be used for the OTDM technique. Equation [22] can then be
simplified as follows:
[23]
An expression for L1 can be given as follows:
[24]

 
The haulage speed of each shearer ranges from 3.6 m/s to
6.0 m/s and since the values of the other parameters are
fixed, then Equation [24] can be simplified as follows:
[25]

should have an inclined shuffle towards the tail drive. The
equation for the meeting position can be described as follows:
Lm = L1 + 30 (where Lm is the distance between shearer A
and the head drive when two shearers meet). (ii) If Va is
greater than 4.8 m/min, then the two shearers will meet
closer to the tail drive. In this case, shearer B should continue
mining towards the head drive until the shared coal-cutting
area is completely cut, while shearer A should have an
inclined sump towards the head drive, and now, Lm = L1.
The historical curve of Lm corresponding to Lp when
using the OTDM technique in production practice is shown in
Figure 10.
As shown in Figure 10, when two shearers meet in the
middle of the working face, the distance between the shearers
and head drive ranges from 140 to 180 m. Because the
meeting position is in the middle of the face, the rock
pressure is higher, which makes it more difficult to support
(Liu et al. 2016). More attention should therefore be paid to
rock pressure and workers’ safety at the meeting position.

))293489676/8.:860.:45:53673:)8
 !" $"$$"##!#!$ !"$#
LFMWF 9302 is a single-shearer fully mechanized working
face located adjacent to and east of LFMWF 9303, and the
geological conditions of two working face are similar. The
width of LFMWF 9302 is 330 m, and the model of shearer,
hydraulic support, and AFC are the same as those of LFMWF
9303. The main difference between two working faces is the
number of shearers used. The work efficiencies of LFMWF
9303 and 9302 are shown in Table III. Compared with
LFMWF 9302, the time of a single cutting cycle in LFMWF
9303 was reduced by 84 minutes, the workers’ efficiency
increased by 33 t per person, and the daily output increased
by 4537 t (54%). Furthermore, the distance that the workers
need to walk is less because the travelling distance of each
shearer is shorter in a double-shearer face.

"!#$#  "$##"$ $ #!#!$ !"$#
The super-long two-shearer face is merged from two ordinary
faces. With this design, one 3.5 m wide pillar and two
1900 m long gateways are not required, which gives a saving
of $6.05 million on each working face layout. In addition, the
number of workers on a two-shearer face is just 1.3 times
that of a one-shearer face, in other words, just 62.5% of that
of two single-shearer faces, which saves about $0.476
million annually on labour costs. So with LFMMTS, the

,9-15:$'.:65:89342+6*:2/65318897-8404226348967978.:' (
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The value of L1 ranges from 121.82 m to 178.64 m away
from the head drive. Shearer A is in the range of hydraulic
supports no. 80 to 118. According to the value of Va, there
are two cases for describing the equation for the meeting
position. (i) If Va is less than 4.8 m/min, the two shearers
will meet closer to the head drive. In this case, shearer A
should continue mining towards the tail drive until the
shared coal-cutting area is completely cut, while shearer B

Fully mechanized longwall mining with two shearers: A case study
Table III

6+)4590676/65://939:739:06/097-2:47*860.:45:56597-/43:0
,(,

7:318897-3!32:&+97%

9303
9302

138
222

#19)+:78
.:45:5

,

213
213

2
1

1
1

production cost was decreased by $6.526 million in total. In
addition, the net profit from per ton coal was $5.05. As the
daily output of LFMWF 9303 was increased to 12 894 t, the
daily net profit that No. 2 Jining Mine obtained from LFMWF
9303 was more than $65 000.

673210967
To enable high production and high efficiency in ageing coal
mines, while still using existing mining equipment, a new
technical scheme, named LFMMTS, is proposed. This involves
mining using shearers travelling in either the same direction
or in opposite directions. The mining processes for the two
techniques are described. This scheme has been successfully
applied in LFMWF 9303 of Jining Mine and yielded a 54%
increase in output.
Theoretical models to determine the MSL and check the
cross-sectional dimensions of the AFC were built. A 30 m
safe distance, named the shared coal-cutting area, in LFMWF
9303 was employed to avoid AFC accidents involving chain
rupture or compression of the pans. The structure of the
shearer closer to the head drive was modified to satisfy the
transportation demands of an LFMMTS face, including
increasing the slipper height and drum diameter by 0.219 m
and 0.428 m respectively.
Theoretical models for coal-cutting task allocation for the
two mining techniques were constructed, based on equal
mining times for each shearer in a single cutting cycle. For
the case of LFMWF 9303, when using the STDM technique,
shearer B should be arranged in the working face at a
distance of 154 m to 177 m from the head drive, which is
where shearer A can reach; when using the OTDM technique,
the meeting positions range from 140 m to 180 m away from
the head drive.
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Market implications for technology
acquisition modes in the South African
ferrochrome context
by E. van der Lingen and A. Paton

The South African ferrochrome industry has been faced with various
challenges during the past few years, such as influences from the market,
manpower strikes, China’s control over the demand for both ferrochrome
and chrome ore from South Africa, and electricity supply constraints,
placing increased pressure on the local industry to improve output in order
to remain globally competitive. The year 2016 brought a dramatic change
in the local ferrochrome industry, being marked by higher chrome ore
prices and the takeover of some idle smelters.
This study investigates the methods of technology acquisition used in
various parts of the ferrochrome smelter value chain throughout a
business cycle, and whether there is a preference for a specific acquisition
in an explicit part of the value chain. The study also considers whether
companies prefer to partner with local or global institutions for
collaborative development, and the methods used by companies to protect
their technologies.
8' 75,2
Technology acquisition modes, ferrochrome, value chain, business cycle.

6357,.03476
South Africa holds the world’s largest chrome
ore reserves and was the world’s largest
producer of ferrochrome until 2012, when
China became the leading ferrochromeproducing country. South Africa’s chrome ore
(chromite) supply into the Chinese market has
risen significantly from 36% of China’s total
chrome ore imports in 2010 to more than 70%
in 2016 (Fowkes, 2014; Creamer, 2017).
China controls the demand for both
ferrochrome and chrome ore from South Africa
(Fowkes, 2014). China’s high import rate of
chrome ore has resulted in ferrochrome prices
being driven down and a depressed
ferrochrome market. The South African
industry meets the chrome ore demands but
loses out on ferrochrome beneficiation.
Furthermore, the local ferrochrome
industry has been threatened with the overall
poor competitiveness over the past few years,
resulting in four of the eight producers ceasing
operations at the beginning of 2016.
Challenges experienced by the producers, some
of which are directly linked to production
costs, include influences from the market,
productivity that was affected by wildcat
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strikes, China’s control over the demand for
both ferrochrome and chrome ore, and
electricity supply issues (Fowkes, 2014, 2013;
Biermann, Cromarty, and Dawson, 2012).
Ferrochrome production is energy-intensive
and South African producers have faced higher
electricity costs, electricity supply
complications, and a weaker currency
exchange rate since 2009.
Ferrochrome is an iron-chromium alloy
that contains between 50% and 70%
chromium by weight. Chromium is one of the
fundamental metals used in modern
steelmaking and superalloys due to its
excellent corrosion resistance, and it is
regarded as a commodity of critical and
strategic importance (Murthy, Tripathy, and
Kumar, 2011). China is currently the world’s
top producer of ferrochrome, despite its lack of
significant chrome resources, as well as the
world’s leading stainless steel producer (US
Geological Survey, 2017). Global stainless
steel production rose by more than 8% in
2016, resulting in an increase in chrome ore
and ferrochrome demand (see Figure 1). The
year 2016 brought a dramatic change in the
local ferrochrome industry. It was marked by
idle smelters in the beginning of that year,
take-overs in the industry, and chrome ore
prices reaching the highest levels since the
global economic downturn in the third quarter
of 2016.
The purpose of this study is to link the
value chain and business cycle to the choice of
technology acquisition mode (TAM) in the
South African ferrochrome industry. Although
this area has been studied extensively in the
electronics industry, there is a gap in the body
of knowledge in the mining industry. Previous
research has been fragmented, with only a few
parameters being studied at a specific time for

Market implications for technology acquisition modes in the South African ferrochrome context
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appropriate modes. The theory does not link these aspects
together, but it is important to understand the mining context
because of the increasing pressures to improve management
outputs to attain global competitiveness.

;438513.58923.,'
  
Technology acquisition strategy is seen as the process of
selecting acquisition modes using technical and non-technical
capabilities and integration of the selected technology into
the value chain (Burgelman, Christensen, and Wheelwright,
2004; Cho and Pyung-Il, 2000). According to Lundquist
(1999), the technology developed must be a value creator
that meets the organization’s needs. There are various types
of technology acquisition mode (TAMs), but in-house
development and technology purchasing are the umbrella
terms used to describe a whole range. A third mode that is
considered in this study, collaborative development, requires
the involvement of internal and external capabilities.
In-house development is defined as the execution of
development as a task in the organization’s existing
structures, namely its research and development (R&D)
department (Cho and Pyung-Il, 2000). The advantages of inhouse development are as follows (Schlorke, 2011):
 Tacit knowledge is gained
 The technology that is developed becomes the property
of the developer
 Competitive advantage becomes exclusive to the
developer
 There is an opportunity to increase revenue by the sale
or licensing of the developed technology.
The disadvantages of in-house development are as
follows:





Long development times
Increased development costs
Potential disruption of production
The possible lack of internal resources to complete the
development.

Technology purchasing is broadly defined as acquiring
technologies by contracts, licensing, or simply purchasing
from a provider. This mode neither utilizes internal
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capabilities nor requires any technical collaboration (Cho and
Pyung-Il, 2000). The advantages of technology purchasing
are potential cost reduction, lower risks, and shorter
implementation times (Schlorke, 2011). However, purchasing
of technology does not guarantee a competitive advantage
and there is usually no valuable exchange of tacit knowledge
in the process. Sourcing technologies externally may reduce
the need to sustain internal technical capabilities and may
also speed up the implementation of products and processes
(Tsai and Wang, 2008).
Collaborative development can be defined as the
complementing of internal resources in the innovation
process, enhancing both the innovation input and output
measured by the realization of innovations (Becker and
Dietz, 2004).
Cho and Pyung-Il (2000) used the integrated framework
set out in Figure 2 to investigate how companies acquire the
necessary technology using an integrated approach on the
basis of previous studies.
Cho and Pyung-Il (2000) stated that a company’s
historical pattern of choice was the most significant factor in
discriminating between the modes. Based on an evolutionary
economics perspective, routines are more likely to affect how
firms perceive changes in the environment, their possible
responses, and the choices they make. The environment and
framework represent the dynamic influences that any
management system must be able to accommodate to
determine the best acquisition modes.
Kurokawa (1997) investigated variables that affect
technology acquisition decisions. The variables included the
influence of the time-to-revenue and time-versus-cost
relationships, as well as intervening variables. The most
relevant variables to manufacturing operations are the
following:

         
 The degree of competition—An increase in competitors
stimulates external acquisitions because the increased
competitive pressures further diminish the potential
revenue of technology laggards.
 The degree of protection—If new products require a
high degree of protection of technical know-how
through patents, copyrights, or trade secrets, in-house
R&D is preferred over technology purchasing.
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 Relatedness of the technology—If the company’s
development focus is related to its core technology, its
own personnel and resources are utilized. In-house
development becomes cheaper and less timeconsuming than purchasing. The opposite is true if the
development focus is on non-core technologies if inhouse development is used.

  
 History—A firm is more likely to select the same TAM
that has been used in the past.
 R&D capability—The more advanced the in-house
development capability of a company, the more it will
utilize the capabilities available for R&D, and the more
likely it is to purchase technology to advance its inhouse R&D capabilities.
Simatupang (2006) found that few studies have been
conducted into the practices and characteristics of the
technology acquisition process for companies in developing
countries. Most of the current studies were conducted in the
developed nations, such as the USA, UK, and Japan, where
competitiveness is driven by technology development.
Schlorke (2011) provides the most recent study linking
technology acquisition and product development processes in
the South African electronics industry. The studies conducted
in the different countries all evaluated the electronics
industry and focused on product development and
programme management, unlike the ferrochrome industry,
which focuses on production capacity and process efficiency.

 
Industry-specific business cycles are characterized by four
phases: boom, recession, depression, and recovery. Figure 3
depicts the key activities and events during the four different
phases of the business cycle in the mining industry as related
specifically to smelting operations. Business cycles are
consequences of either a large sole cause or smaller events in
the market, such as the sub-prime crisis (2009 recession) or
capital projects (Roberts, 2009). The end consumption of the
mining industry’s products depends on the level of activity in
          

industries such as construction and automotive
manufacturing. Inventories tend to grow during recessions
and shrink during booms, a fluctuation based on demand
which affects market price (Vinell, 1997). There has been a
consistent growth in consumer demand, but the mining
industry’s capacity has often exceeded that demand in the
past, leading to cyclicality (Sheridan, 1997).
During the boom periods, investment for increased
capacity in anticipation of future growth based on current
assumptions tends to be delayed (Alajoutsijärvi et al., 2012).
In 2006, the mining industry faced a boom period driven by
the high rate of infrastructure construction in China. China’s
huge demand for metals created a market situation that
encouraged the exploitation of any reserve (Alajoutsijärvi et
al., 2012).
The sub-prime crisis put a strain on many mining
companies. When prices are lower, outputs are limited and
capital projects postponed. Expansions and new projects in
the mining industry depend strongly on commodity prices, as
they influence the volatility of the project cash flows. One of
the main purposes of predictive models for commodities is to
aid the appraisal process and justify risk in relation to
returns. Mine or smelter expansions require a sound
knowledge of the mine life, cost of production (affected by
the selected technology), a view on the commodity price for
the life of the project, and an understanding of the specific
commodity demand projection (Shafiee and Topal, 2010;
Crowson, 2001).
Inventory shortages result in inflated markets and can
indicate an imminent economic recession. The potential
recovery from this recession is marked by the introduction of
new buyers that gradually grow demand (Alajoutsijärvi et al.,
2012). Individual investors, pension fund portfolio managers,
and hedge funds are examples of buyers who create a
demand for mining products. Resource-rich countries that
generate large tax revenues and royalties tend to have
governments with a strong influence over the demand for
their own mining products (Jerrett and Cuddington, 2008).
This section provides background to the different phases
within a business cycle. Within this study the business cycle
phases will be linked to the selection of TAM in the South
African ferrochrome industry.
VOLUME 118
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Ford (1988) states that it is important to evaluate the
company’s level of knowledge concerning its own and
emerging technologies. This evaluation must be understood
across the value chain, from upstream development to
downstream activities of marketing and aftermarket services.
The conceptual framework in which to investigate
relationships in the ferrochrome smelting industry includes
the variables, TAMs, and the smelter product value chain
areas (VCAs). A longitudinal study was conducted in order to
assess the changes of these modes throughout a business
cycle. The linking of TAMs to the VCAs and the business
cycle is depicted in the framework in Figure 4.
The main objective of the current study is to determine
whether the methods of technology acquisition used in
various parts of the ferrochrome smelter value chain have an
impact on the company throughout the business cycle. Other
objectives include determining whether there is a preference
for a specific acquisition in an explicit part of the value chain,
whether companies prefer to partner with local or global
institutions for collaborative development, and methods used
by companies to protect their technologies.
The following research questions were investigated:
1. Do TAMs used by the ferrochrome industry change
during different phases of the business cycle?
2. Will a greater focus on specific key and support
process areas result in an increased preference for inhouse development?
3. Will the departments responsible for technological
innovation and selecting the TAMs in the ferrochrome
industry differ between private and public entities?
4. Does the South African ferrochrome industry
approach local institutions, such as the science
councils, universities, and consultants, rather than
global institutions when conducting collaborative
development?
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5. Does the ferrochrome industry use protection
methods to safeguard its distinctive technologies?

828150/9)83/7,7-7*'
To address the research objectives, the research design
combines qualitative and quantitative analysis methods of
non-experimental research (no variables are controlled). The
qualitative methods consisted of electronic surveys and
follow-up telephonic interviews with the management of the
ferrochrome producers. The research questions asked in the
survey are related to the described conceptual framework and
are designed to answer the research problem by avoiding
bias. The quantitative methods included the assessment of

$4*.589 638*5138,907608+3.1-9(51)8 75
          

Market implications for technology acquisition modes in the South African ferrochrome context
open-source data, such as production figures and high-level
market share values published in the annual reports of the
various ferrochrome producers, as well as government
reports.
There are 14 ferrochrome smelters in South Africa. They
were operated by eight different companies at the beginning
of 2016 (see Table I). Some three-quarters of the companies
were publicly listed. Although quantitative data was not
available for the privately owned companies, the correlations
observed in the study provide a good indication of the
impacts of the market conditions in the industry itself.
Responses to the surveys were received from managers
from all eight companies (26 respondents) in the population.
The respective companies’ responses are summarized by
assigning weights to the position and experience of the
respondent. The population is stratified into publicly listed
and privately owned companies because of the limited
quantitative data available for the private companies.

consultants and institutions should have more opportunities
during this time in the context of ferrochrome smelters.
There are gaps in the body of knowledge regarding the
actual impact of the phases in a business cycle on the
preferred TAM. Many theories describe various factors that
affect the mode selection (Cho and Pyung-Il, 2000;
Kurokawa, 1997; Schlorke, 2011), but none have highlighted
the business cycle, which is important to a commodity
producer, such as the ferrochrome industry, as this is what
drives demand for the product. The ferrochrome industry is
vulnerable to many factors and requires consistent adaptation
to changes. Difficulties in sustaining technology management
strategies are particularly experienced in developed countries.
The study also investigated whether there is a difference
between the TAMs that private and public companies select
during the depression phase (see Figure 6). Public companies
use mainly in-house development and private companies use
collaboration and purchasing.

82.-32916,9,420.22476
       
      
Table II and Figure 5 show the influence of different phases
of the business cycle on TAMs. Technology purchasing was
the predominant acquisition mode during the boom phase.
The overall trend of diminishing technology purchasing as
the business cycle changes from boom to recession and then
depression is confirmed. As soon as the recession hits,
investment shrinks, which leads to a focus on internal
capabilities driving technology development. The preference
for in-house development appears to be independent of inhouse capabilities, but depends rather on the business cycle
phase. Collaborative development is preferred over
purchasing only during a depression. This means that

$4*.589#9+58(85860829469,4((858639+/128297(93/89&.24682290'0-8

Table I

$85570/57)89+57,.085294697.3/9(540191393/8
&8*46646*97(9 "!
7)+16'

7)+16'9235.03.58

Glencore Chrome
Samancor Chrome
Hernic
Sinosteel ASA Metals
Assmang
IFM
Tata Steel KZN
Mogale

Public
Private
Private
Private/state-owned
Public
Public
Public
Public

$4*.58958(8558,9#29(759+.&-40916,9+54%1389(85570/57)8
07)+164829,.546*93/89,8+58224769+/128

Table II

/128297(93/89&.24682290'0-8916,9)7,8297(9380/67-7*'910.4243476

Boom (2004–2007)
Recession (2008–2009)
Depression (2010–2016)

0.42434769)7,8
6/7.289,8%8-7+)863

#80/67-7*'9+.50/1246*

7--1&75134%89,8%8-7+)863

#731-

37%
62%
62%

50%
25%
13%

13%
13%
25%

100%
100%
100%
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Market implications for technology acquisition modes in the South African ferrochrome context
 Technology purchasing was the predominant
acquisition mode during the boom period, with inhouse development dominating during the recession
and depression phases. Collaborative development is
preferred over purchasing only during a depression
phase.

different organogram, which means that technology
management and thus TAM selection is performed by specific
functional groups in the business. Table IV shows the
distribution among departments that are responsible for
technological innovation in the South African ferrochrome
industry during a depression period. The distribution of
innovation responsibility is relatively evenly spread among
the departments in the industry as a whole, except for lower
values for the technology and capital projects departments. In
the private sector, a slightly higher assignment resulted in the
business integration systems (BIS) department being
assigned responsibility for developing technologies, whereas
a slightly lower assignment was found for the technology
department (Figure 7). For public companies, the distribution
was relatively equal among the different departments with
technology, maintenance, and production departments
scoring slightly higher.
The primary focus of the responsible departments is not
restricted to a single dimension, as shown in the results in
Figure 8. The focus of private and public companies is mainly
on increased productivity, profit, and improved quality.
However, public companies also reported some focus on the
job satisfaction of staff members and increased market share.

<4--9*5813859(70.297692+804(4098'916,92.++753915812
582.-3946916946058128,9+58(8586089(75946/7.28
,8%8-7+)863:
Table III shows that technologies are developed mostly for
key area processes and support area systems, followed by
management innovation. Furthermore, for key area processes
and support area systems, the preferred TAM is technology
purchasing. Similar results were obtained for the TAMs inhouse development and collaborative development for the key
and support focus areas. On the other hand, the preferred
TAMs for management innovations are in-house
development and collaborative development, with the lowest
score being that of technology purchasing.
Lastly, the value chain is well understood in the industry
and each area of the value chain is managed accordingly. It is
clear that these relationships have not been investigated in
an integrated way in the past because it is not clear who
manages technology development in a company. It is unlikely
that a software engineer manages technological innovation in
the key process area or that production departments manage
innovation in the finance department. For these reasons, and
because the body of knowledge is still very vague, it is not
deemed pragmatic to address the relationship between TAMs
and the value chain in an integrated framework.
 The focus areas of the investigated value chain showed
that technology purchasing was the preferred TAM for
both the key and support focus areas, and was
preferred above in-house development, as anticipated.
In-house development is one of the most important
TAMs for management innovation, but cannot be
singled out.

 The departments chiefly responsible for technological
innovation differ between the public and private
sectors, with the BIS departments being mainly
responsible in the private sector and the maintenance
and production departments being responsible in the
public sector.

Table IV

#/89,8+153)86329582+7624&-89(759380/67-7*'
)161*8)863916,9#29469&73/9+.&-40916,9+54%138
07)+16482
82+7624&-89,8+153)863
Technology department
Capital projects
Maintenance
Controls and instrumentation
Production
BIS

      
        
        
The management of each ferrochrome producer functions in a

%851*89,42354&.34769
13%
13%
20%
17%
20%
17%

Table III

$70.291581297(93/89%1-.890/146916,9)7,8297(9380/67-7*'910.4243476
$70.291581

0.42434769)7,8

Key

Support
Management





#80/67-7*'9+.50/1246*

7--1&75134%89,8%8-7+)863

Products

18%

21%

12%

22%

Processes

32%

33%

41%

30%

Sources

-

-

-

4%

Systems

27%

29%

41%

30%

Market

-

4%

-

-

Management

23%

13%

6%

13%

100%

100%

100%

100%

Total
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The South African ferrochrome industry is inclined to
collaborate with local institutions (see Figure 9). The majority
of the collaborative work is conducted with the South African
science councils, followed by consultants, and then
universities. As South Africa is a major producer of FeCr, the
local organizations have significant know-how in the field
and the country is a leading user of the best available
smelting technology. Global institutions constitute less than
20% of the partnerships in collaborative development.

 The South African ferrochrome industry often uses
protection methods, such as confidentiality agreements,
retaining know-how in-house, patents, and licences.

760-.24762
The study found that the TAM used by the ferrochrome
industry changes during the different periods in a business
cycle. Technology purchasing was the predominant
acquisition mode during the boom period. As the cycle moved
from a boom to a recession and then to a depression,

 The South African ferrochrome industry prefers local
institutions for collaborative development.
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The South African ferrochrome industry is in general very
protective of its technologies and uses various methods to
protect them, as shown in Figure 10. Confidentiality
agreements, followed by retaining know-how in-house,
appeared to be the foremost means of protecting
technologies. Legal protection methods, such as patenting
and licensing, are also often employed in this sector. None of
the companies use trademarks as a protection mode.

Market implications for technology acquisition modes in the South African ferrochrome context

$4*.589!"#/89+5738034769)83/7,29.28,9&'93/89(85570/57)8946,.235'

technology purchasing became less dominant and in-house
development became the preferred TAM. Collaborative
development is preferred over purchasing only during a
depression.
Technology purchasing was the preferred TAM for both
the key and support focus areas. The departments that are
mainly responsible for technological innovation differ
between the public and private sectors, with the BIS
departments being mainly responsible in the private sector,
and the maintenance and production departments in the
public sector.
The majority of collaborative development projects are
conducted with South Africa science councils, followed by
consultants, and then universities. Furthermore, the South
African ferrochrome industry often uses protection methods,
such as confidentiality agreements, retaining know-how inhouse, patents, and licences.
Since the original investigation, there has been a
significant reconsolidation of the local ferrochrome industry.
This occurred mainly due to increased production costs that
were no longer sustainable (based on follow-up interviews
with personnel).
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The effect of nC12-trithiocarbonate on
pyrrhotite hydrophobicity and PGE
flotation
by C.F. Vos*, J.C. Davidtz†, and J.D. Miller‡

This work presents the potential for improving the flotation recovery of
slow-floating sulphide minerals with the use of starvation dosages of a
normal dodecyl (n-C12) trithiocarbonate (TTC) co-collector, together with a
sodium isobutyl xanthate (SiBX) and dithiophosphate (DTP) collector
mixture.
At potentials below –150 mV (SHE), addition of nC12-TTC with SiBX
improves the hydrophobicity of pyrrhotite, yielding captive bubble contact
angles greater than those measured for SiBX or nC12-TTC alone,
suggesting a low potential synergistic effect. This synergistic effect is
further studied using Fourier transform infrared (FTIR) spectroscopy, the
results indicating an increase in the surface concentration of the collector
species when in a mixture. Thus, nC12-TTC with SiBX may act as an
immobile surface anchor to which SiBX/SiBX2 molecules bond, increasing
the localized concentration of collector species.
Bench-scale flotation tests using mixtures of SiBX/DTP/nC12-TTC on a
platinum group element (PGE)-bearing ore from the Bushveld Complex in
South Africa confirm an improved metallurgical performance at very low
substitutions (approx. 5 molar per cent) of SiBX. The improved recoveries
for PGE, Cu, and Ni are correlated with improvements in the flotation
kinetics of their slow-floating components.
B@%>:79
sulphide flotation, hydrophobicity, collector, nC12-trithiocarbonate,
synergistic effect.

<?:>756?=><
Short-chain (less than C6) xanthates are very
effective for the bulk flotation of sulphides
(Fuerstenau, 1982), and early work (Leja,
1968; Gaudin, 1957; Plaksin and Bessonov,
1957; Taggart, Giudice, and Ziehl, 1934)
indicated that the presence of oxygen in
flotation slurries is necessary for the oxidation
of the xanthate collector at the sulphide
mineral surface to induce hydrophobicity.
Fundamental research into the chemistry and
adsorption mechanisms of xanthates over the
years (Finkelstein and Poling, 1977; Woods,
1976; Winter and Woods, 1973) has revealed
that for iron-bearing sulphide minerals,
adsorption occurs predominantly through a
charge transfer process. Oxidation of the
adsorbed collector to the corresponding dimer
takes place if the mixed potential of the system
is greater than the reversible potential for
dimer formation. In oxygenated slurries the
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rate of adsorption and oxidation of the
collector depends greatly on the substrate
surfaces. For chalcopyrite (Guler et al., 2005;
Leppinen, 1990; Roos, Celis, and Sudrassono,
1990) and pentlandite (Hodgson and Agar,
1989) a two-step interaction with xanthate is
proposed in which the chemisorbed xanthate is
further oxidized to the dimer. The initial
interaction of xanthate with pyrrhotite is
through physisorption where xanthate
physisorbs onto positive surface sites followed
by oxidation to dixanthogen (Khan and
Kellebek, 2004; Bozkurt, Xu, and Finch.,
1998). This process is, however, slow and
increased reaction time is needed to improve
flotation recovery (Buswell and Nicol, 2002).
Research into short-chain (less than C6)
trithiocarbonate (TTC) molecules as sulphide
collectors has been undertaken since the
1980s, and has shown that the short-chain
molecules are superior compared to xanthates,
dithiophosphates, or their mixtures (Steyn,
1996; Coetzer and Davidtz, 1989; Slabbert,
1985). This is brought about by the third
sulphur atom replacing the oxygen atom in the
xanthate molecule. It has been suggested that
this reduces the interaction between the
adsorbed TTC and the surrounding bulk water
(Davidtz, 1999), improving sulphide flotation
metallurgy (Davidtz, 1999; Steyn, 1996;
Coetzer and Davidtz, 1989; Slabbert, 1985).
The flotation chemistry of short-chain TTC
collectors was studied (du Plessis, Miller, and
Davidtz, 2003, 2000) to understand the
underlying flotation mechanisms brought

The effect of nC12-trithiocarbonate on pyrrhotite hydrophobicity and PGE flotation
about by the third sulphur atom and it was shown that, in
the presence of oxygen, a hydrophobic sulphide mineral
surface can be established well below the reversible potential
for TTC dimer formation. This was the first evidence that a
hydrophobic surface in the presence of TTC molecules is less
sensitive to the formation of the corresponding dimer. It was
postulated that one or more of the TTC decomposition or
hydrolysis products, potentially the mercaptan, may be
adsorbing under reduced conditions, rendering the mineral
hydrophobic (du Plessis, 2003). Research on the interaction
of the TTC with copper and pyrite electrodes (Venter and
Vermaak, 2008a; Venter, 2007) confirmed the difference
between the adsorption mechanisms of xanthate and the TTC
and found that the TTC interacts with the sulphide surface
independently of the surface potential, confirming du Plessis’
unexpected findings. Two adsorption mechanisms were
proposed, one under cathodic potentials during which the
mineral acts as catalyst for TCC decomposition into its
corresponding thiol or thiolate, and a second that takes place
under anodic potentials during which TTC chemisorbs via a
charge transfer process. Under anodic potentials, as with
xanthate, the chemisorbed TTC is oxidized to the dimer
(Venter and Vermaak, 2008a; du Plessis, 2003).
Although the mechanisms of short-chain TTCs are
understood, the longer chain molecules (nC12) have also
shown significant benefits when used in low-dosage
applications (Breytenbach, Vermaak, and Davidtz, 2003, Vos
Davidtz, and Miller, 2007) in combination with xanthate and
dithiophosphate. The synergistic effects of this new mixed
collector system have not been studied extensively to date.
This paper reports on findings involving mixed SiBX/nC12TTC contact angle measurements and adsorption studies on
pyrrhotite, a major sulphide mineral component of the
Merensky Reef ores, followed by bench-scale flotation tests
on Merensky Reef ores to evaluate the nC12-TTC as a cocollector with a traditional SiBX/DTP mixture.

Captive bubble contact angle measurements were performed
on a polished pyrrhotite crystal (> 95 mass% purity) sourced
from the Geology Curator at the University of Utah, USA.
Prior to every measurement the mineral electrode was
polished using a 1 m corundum suspension. The surface
oxidation was minimized by transferring the polished mineral
directly into the test solution. The electrode was then
conditioned at the desired potential for one minute prior to
collector addition (SiBX, nC12-TTC, or a mixture). The
electrode was then conditioned in the collector solution for
ten minutes at the desired potential. Whenever a mixture was
used the electrode was conditioned for five minutes with
nC12-TTC prior to SiBX addition, followed by a further five
minutes of conditioning. An initial xanthate concentration of
10-3 mol/L was employed and the nC12-TTC additions were
made according to Figure 2 and Figure 3. The solution pH
was buffered at 9.2 using a 0.05 mol/L sodium borate
solution.
The C-H stretching spectra were collected using a BioradDigilab FTS-6000 FTIR spectrometer with a liquid-nitrogencooled detector having a wide-band MCT. The FTIR chamber
was flushed with dry air before any spectra were taken. All
absorbance spectra are the result of 512 co-added scans
ratioed against 512 co-added background scans, all at a
resolution of 4 cm-1. Before placing the pyrrhotite crystal into
the spectrometer the mineral was contacted with SiBX, nC12TTC, or a mixture of the two. The same contact times given
above were applied and care was taken not to contaminate
the surface during handling.

4@:=0@<?;2

 

The processing of the Merensky PGE-bearing ore used in this
study takes place at the buffering pH of the ore, which is
alkaline at approximately pH 9.0–9.5. In other studies (Vos,
2006) it was demonstrated that pyrrhotite hydrophobicity
improved at more acid conditions. However, the overall

A bulk sample (about 600 kg of 25 mm top size) of a PGEbearing ore from a South African producer was used in this
investigation. The bulk sample was crushed to –2.36 mm
(moving from point A to B in Figure 1), homogenized, and
split into smaller 3.3 kg sub-samples (moving from point B to

purpose here was to determine if its surface hydrophobicity
could be improved at the natural or buffer pH of the
Merensky ore used in the study, therefore for the batch tests
and small-scale tests that follow, no pH modifications were
done or reported for this paper.
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The effect of nC12-trithiocarbonate on pyrrhotite hydrophobicity and PGE flotation
C in Figure 1) which were used for the milling and flotation
experiments. Because the bulk sample and sub-samples are
located to the left of Gy’s Safety Line their integrity has not
been compromised during processing.
From a milling curve the required time to achieve a grind
of 60% passing 75 m was established and used throughout
the flotation experiments. The samples were milled at
approximately 45% solids (w/w) in a stainless steel rod mill
with rods of various sizes.
After milling, the slurry was transferred into an 8 L
Denver float cell and topped up with potable water from the
mine site in Rustenburg, South Africa to produce a slurry of
approximately 32% solids (w/w). Reagent dosages and
conditioning times are noted in Table I.
Collector ratio (1) and the remainder of the chemicals
(activator, collector spike, depressant, and frother dosages)
were selected so as to represent the applied dosages on the
Impala Platinum Merensky flotation circuit at that time. The
dosages in collector ratio (2) were selected to align with those
tested during the fundamental contact-angle measurements
and FTIR spectroscopy studies.
After conditioning, the air flow to the cell was initiated
and concentrates were collected at 1, 6, 16, and 30 minutes
by scraping the froth every 15 seconds. A constant froth
depth of approximately 2 cm was employed throughout each
test. The concentrates and tailings samples were dried,
weighed, and assayed for 4E-PGE (sum of Pt, Pd, Rh, and Au
grades), copper, and nickel content.

This contradiction was explained (Finkelstein, 1997) as
being in part due to the presence of iron (from grinding
media, mill liners) in contact with the sulphide minerals.
This contact reduces the rest potential of the mineral and
increases copper uptake significantly. As copper xanthate
species are orders of magnitude less soluble than those of
nickel or iron (Rao, 2004a; Chander, 1999) they form
preferentially and subsequently stabilize the pyrrhotite
surface (Buswell and Nicol, 2002).
The purpose of nC12-TTC addition with SiBX is to
establish whether the surface hydrophobicity, as measured
by captive bubble contact angles, can be improved in alkaline
systems and to what extent this is affected by the electrode
potential.
The results of the contact angle measurements, as a
function of applied electrode potential and degree of xanthate
substitution, are shown in Figure 2.
In Figure 2, TTC refers to solutions containing TTC only
but at the indicated SiBX substitution concentrations. A 2.5%
SiBX substitution refers to a solution containing SiBX at
97.5% of the initial molar concentration and the rest
substituted with TTC. The 5% SiBX substitution tests are the
same in that 5% of the initial SiBX is substituted with TTC.
The addition of pure nC12-TTC at 5 × 10-5 M (at 5 molar
per cent of the initial xanthate concentration) produces a
contact angle very similar to that with 10-3 M SiBX at
potentials above 200 mV (vs. SHE). This result can be
expected since the longer chain molecule is much more

@952?9A;<7A7=96599=><

The use of copper and lead activating ions had failed to
improve the measured contact angle on the surface of this
pyrrhotite crystal at pH 9.2 (Vos, 2006). Higher xanthate
concentrations (10-3 M vs. 10-4 M) also failed to increase the
measured angle beyond approximately 25–30° for open
circuit potentials.
In alkaline systems the activation of pyrrhotite with
copper ions is not fully understood, leading to many
controversial conclusions. Some researchers (Nicol, 1984)
have reported that at pH > 8 pyrrhotite activation is not
possible due to the formation of insoluble copper hydroxide
species. Others (Kelebek, Wells, and Fekete, 1996; Senior,
Trahar, and Guy, 1995; Leppinen, 1990) reported improved
pyrrhotite flotation after copper ion addition.

#=35:@A'.;4?=@A+5++2@A6><?;6?A;<32@A0@;95:@0@<?9A8>:A;A4%::->?=?@
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Table I
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Collector:
(1) SiBX/DTP only
(2) SiBX/DTP/TTC mixture

77=?=><A4>=<?

>9;3@A,3?*
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To mill

(1) 90 g/t with a 70:30 split of SiBX:DTP
(2) TTC at 5,10 and 100 % of initial SiBX molar dosage while DTP was constant

-

Activator

Float cell

80 g/t copper sulphate

5 minutes

Collector spike

Float cell

10 g/t of a 70:30 mix of SiBX and DTP

3 minutes

Depressant

Float cell

90 g/t carboxyl methyl cellulose (CMC)

1 minute

Frother

Float cell

60 g/t cresylic acid frother

1 minute
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hydrophobic than the shorter chain SiBX. Furthermore, the
size of the TTC molecule, compared to SiBX, results in it
covering a larger substrate area upon adsorption, which
results in a similar surface hydrophobicity but at much lower
concentrations.
At lower potentials, a contact angle is measured with the
nC12-TTC but none for SiBX only. This is because at lower
potentials the TTC is more effective due to its much lower
standard redox potential (du Plessis, 2003), implying that it
forms the dithiolate much more readily at the mineral
surface.
The formation of a hydrophobic pyrrhotite surface below
the reversible potential for the DTC/DTC2 couple (indicated in
Figure 2) is not possible with only SiBX, which is in
agreement with the literature in that dixanthogen is a
prerequisite for pyrrhotite hydrophobicity (Hodgson and
Agar, 1989).
As the electrode potential is lowered even further (below
–150 mV) for nC12-TTC-containing solutions, it is observed
that a finite contact angle is maintained. This indicates that
the formation of a hydrophobic pyrrhotite surface in the
presence of nC12-TTC is much less sensitive to the substrate
surface potential. This is in line with previous observations
reported for a pyrite (Venter, 2007; du Plessis, 2003) and a
pure copper (Venter, 2007) electrode respectively. These
earlier works suggested that under reduced potentials the
decomposition product (possibly a thiolate) is responsible for
the observed hydrophobicity. As the thiolate is a poor
collector on its own (Venter and Vermaak, 2008b; Venter,
2007) its adsorption is believed to be catalysed through the
TTC ions as an intermediate (Venter and Vermaak, 2008a).
When the same amount of nC12-TTC (5 molar per cent) is
used with SiBX, a clear improvement in the surface
hydrophobicity is measured for all electrode potentials tested.
Although not that significant above 200 mV, the effect is
clear at more reducing potentials. This is a significant
observation as it provides early evidence of a low-potential
synergistic effect between the nC12-TTC and SiBX. The result
is an improved surface hydrophobicity for pyrrhotite. Even in
the absence of the dimer at the mineral surface the nC12-TTC,

when attached to the pyrrhotite surface, seems to act as an
immobile anchor for SiBX and the SiBX dimer at the surface.
This can be seen as equivalent to the role of dithiophosphates in collector mixtures (Bradshaw, 1997) but at
reduced potentials.
When related to flotation, the contact angle
measurements indicate that there is a potential to improve
the recovery of slow-floating, possibly rapidly oxidizing
minerals (which are associated with difficulty in the
formation of hydrophobic surface states).

 
To further study the synergistic mechanism between nC12TTC and SiBX, FTIR spectroscopy was completed on a
pyrrhotite crystal conditioned in solutions containing various
concentrations of SiBX and nC12-TTC. This was done to
evaluate the effect of nC12-TTC on the concentration of
collector at the pyrrhotite surface, as can be inferred from
the intensity of the absorbance peaks at 2925 cm-1 and
2850 cm-1. The effect of nC12-TCC substitutions is shown by
the C-H absorbance peaks in Figure 3.
The absorbance peaks located at approximately
2925 cm-1 indicate that more collector is present at the
pyrrhotite surface when contacted with 5% and 10% nC12TTC solutions compared to SiBX only. This is mainly because
the nC12-TTC molecule contains significantly more CH2functional groups in its hydrophobic tails compared to SiBX.
The SiBX peak is hardly visible.
When the two collectors are combined (spectra 4 and 5)
an increase in the absorbance of the CH2- peaks is observed.
The changes in the peak heights for spectra 4 and 5 are
greater than the sum of the peak heights for spectra (1 + 2)
and (1 + 3) respectively (see Table II). This observation
further alludes to the presence of a synergistic effect,
resulting in a localized increase in the collector concentration.
A similar observation is made for the peaks at approximately
2850–2860 cm-1, which are the C-H symptotic stretching
vibrations. For all the measurements, the total collector
conditioning time was kept constant.
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Table II

#( A;+9>:+;<6@A4@; A-@=3-?9A;?A''A601/
&4@6?:50A<>
1
2
3
4
5

.>22@6?>:A6>0+=<;?=><

@; A-@=3-?A, A/)))*

Pure xanthate (SiBX)
nC12-TTC only at 5 molar % of SiBX dosage in (1)
nC12-TTC only at 10 molar % of SiBX dosage in (1)
SiBX + nC12-TTC (95:5% molar ratio)
SiBX + nC12-TTC (90:10% molar ratio)

0.41
1.59
3.56
5.00
6.85

 
Based on the fundamental studies with pyrrhotite it seems
that a collector mixture of SiBX with nC12-TTC may offer an
improved flotation recovery of sulphide minerals from the
PGE ore, which in turn may translate to improved PGE
recovery. The purpose of the bench-scale flotation tests was
to establish the effect of mixed collector composition on the
flotation performance of a PGE-bearing Merensky Reef ore,
and to determine the best collector composition for optimum
metallurgical performance.
For the bench-scale flotation tests, two levels of SiBX
substitution with nC12-TTC were tested, namely 5% and 10%
molar substitutions. The concentration of DTP remained
constant.

    
For the batch flotation tests, only the collector mixture was
varied and as such all other dosages (refer to Table II)
remained constant throughout. The standard collector suite
consisted of a SiBX/DTP mixture (condition 1 in line 1 of
Table I), with the SiBX replacement tests as potential
alternatives.
For each condition, triplicate flotation experiments were
conducted to determine reproducibility. Timed concentrates
were collected after 1, 6, 16, and 30 minutes of flotation.
These concentrate samples and final tailings samples were
assayed and the results used in calculating the cumulative
grade and recovery of the minerals/metals of interest at each
time interval. This was done as follows.
 Cumulative elemental recovery after t = i minutes
(Rm,t=i):

;?=>A,?>A<>A/*
1.0
3.9
8.7
12.2
16.7

Figure 4 shows the effect of SiBX substitutions on the
PGE grade-recovery relationship. It is evident that with a very
small substitution of SiBX (as low as 5 molar per cent) an
improvement in the PGE grade and recovery profile is
observed. At a very similar final concentrate grade of
40–41 g/t PGE a recovery improvement of approximately
4.4% is measured. With very small variability between
triplicate tests for both conditions, this difference is
statistically significant.
When 10% of the SiBX is replaced with the nC12-TTC no
marked difference is observed in the final metallurgical
performance. What is observed is a downwards shift in the
grade-recovery relationship. The lower initial concentrate
grade is attributed to an increase in the rate of recovery of
gangue, and may imply overdosing conditions.
Figure 5 shows the grade-recovery relationship for copper
(Cu) and nickel (Ni). An improvement in the recovery of Cuand Ni-bearing sulphide minerals is also observed at 5%
replacement. This improvement appears to be true for 10%
replacement of SiBX with nC12-TTC as well, and is more
evident for Cu than for Ni. Again, improved sulphide flotation
with the preferred mix of collectors is evident.

    
The grade and recovery data from the various flotation tests
can be modelled using the two-parameter Kelsall equation.
[3]
where
rt
f, s

= cumulative recovery after t minutes
= fast and slow floating mass fractions
respectively

[1]
 Cumulative elemental grade after t = i minutes (Gm,t=i):
[2]
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In the above equations the following are defined:
: the elemental grade of the concentrate at
Gradeconcentrate
time i
Gradefeed
: the elemental grade of the feed
Massconcentrate
: the incremental concentrate dry mass at
time i
Massfeed
: the initial dry mass of the feed
Rm,t=i
: cumulative component recovery at time
= i minutes
Gm,t=i
: cumulative component grade at time = i
minutes

The effect of nC12-trithiocarbonate on pyrrhotite hydrophobicity and PGE flotation
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Table III
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PGE
Cu
Ni

23.6
40.9
55.6

Kf and Ks = fast and slow floating first-order flotation rate
constants respectively
To evaluate the flotation kinetics under the different
chemical conditions it is assumed that the ore in each test has
the same mass fractions of fast-, slow-, and non-floating
material, i.e. f and s are the same for all tests. Only the
flotation rate constants are varied to fit the experimental data
(grades and recoveries) by minimizing the sum of errors.
This is a reasonable assumption since the various subsamples are taken from a homogenized bulk sample.
By only examining the rate constants it is not possible to
rapidly assess the impact of the new collector mixture on the
flotation kinetics. As the fast-floating fractions for PGE, Cu,
and Ni achieve 100% recovery within the first two
concentrates, it is reasonable to argue that an increase in
their flotation rates will not influence the overall recoveries
after half an hour. The only effect it may have is on the initial
concentrate grade, if the fast-floating valuable minerals are
recovered preferentially to the fast-floating gangue.
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42.4
2.4
15.3

66.5
32.8
32.6

42.9
40.6
23.0

A summary of the recovery of the slow-floating fraction
after 30 minutes of flotation for all valuable elements is
presented in Table III. The predominant influence of the nC12TTC as a co-collector is evaluated in more detail by
considering the response of the slow-floating fractions of
each of the elements considered. Figure 6 presents the
flotation-time profile for the slow-floating PGEs as modelled
using the parameters determined from Equation [3].
A very significant increase in the recovery of the slowfloating PGE fraction is observed at 5 molar per cent
replacement of SiBX. As the feed consists of approximately
23.6% slow-floating PGEs (refer to Table III), an increase of
this magnitude results in an overall PGE recovery
improvement of approximately 4%.
As with PGEs, both Cu and Ni show a significant
improvement in the recovery of the slow-floating component
with the addition of nC12-TTC. As the dosage is increased to
10% of the initial SiBX dosage, the recovery of slow-floating
Cu continues to increase and does not show the same
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valuable mineral is subjected to rapid oxidation.
 The synergistic effect at low concentration is believed
to be in part due to a crowding of the collectors at the
surface, which increases the localized surface
concentration and improves hydrophobicity even at low
substitutions of SiBX.
 At the bench scale, low substitutions of SiBX
noticeably improve the recovery of PGE, Cu, and Ni.
Overall recovery improvements are achieved at similar
concentrate grades. Improved grades at the beginning
of the flotation tests indicate that slow-floating,
liberated minerals are being recovered.

maximum at a 5% SiBX replacement as found for the PGEs
and Ni. This can possibly be explained in terms of the affinity
of the collector molecule for the mineral of interest. Cuxanthate complexes are known to be orders of magnitude
less soluble than Ni and Fe complexes (Chander, 1999), and
as the hydrocarbon chain length increases the solubility
decreases further. In the same way it is expected that the
nC12-TTC will have a much higher affinity for the Cu mineral
and the recovery will improve as the dosage increases.
The Ni recoveries from the slow-floating fraction show
maximum improvement at 5 molar per cent replacement of
SiBX, in line with the observations for 4E-PGE. This is not
surprising as pentlandite is known as a primary host for all
of the PGEs present except for platinum (Godel, Barnes, and
Maier, 2007).
Similar outcomes have been reported for Cu, S, Ni, and Fe
elsewhere (Breytenbach, Vermaak, and Davidtz, 2003). In
that work the optimum nC12-TTC dosage was found to be in
the order of 7.5 molar per cent replacement of SiBX, which is
in close agreement with our findings of 5 molar per cent. At
complete substitution, however (Vos, 2006), selectivity is lost
and the recovery of the valuable minerals decreases
substantially.
Long-chain xanthates of seven or more carbon atoms in
the hydrophobic tail are known to have surfactant properties
similar to those of long-chain carboxylic acids. Beyond their
critical micelle concentrations (CMC), the long-chain
xanthates form micelles (Hamilton and Woods, 1986). At
high dosages these molecules can absorb onto non-sulphide
minerals such as oxides (silicates), in which case adsorption
is through a physical mechanism (Rao, 2004b) and one deals
with insoluble collector colloids or emulsions. A similar
mechanism for adsorption of nC12-TTC molecules onto nonsulphide gangue at high dosages may be a possibility, and
more work in this area is required to clarify this
phenomenon.

&500;:%A;<7A6><6259=><9
 Small replacements of SiBX with nC12-TTC improve the
surface hydrophobicity of pyrrhotite in alkaline (pH
9.2) conditions, and the effect is more pronounced at
reduced potentials (lower oxygen activity). This can
have significant implications when viewed in
conjunction with PGE and base metal grinding and
flotation in a mild steel media environment, or where a
          

@6>00@<7;?=><9A8>:A85?5:@A>:
Further mineralogical data would add valuable information to
this study. For this Merensky ore, copper is primarily
associated with chalcopyrite and nickel with pentlandite,
which are the two minerals expected to show recovery
improvements in this regard. Overall, PGE recovery
improvements as demonstrated may be due to the association
of PGEs with these sulphide minerals, or to improvements in
the recovery of PGMs. Detailed spare-phase mineralogical
studies will be required to answer this question and it is
important to include such studies in future work addressing
this new chemical. Furthermore, since pyrrhotite flotation is
pH-dependent, it will be useful for future experimenters to
study the effect of pH using the methodologies in this paper
and to determine if the correlations identified here are
transferrable.
The application of nC12-TTC with mild steel grinding
media to improve the flotation activity of xanthate and DTP is
a subject that has not been explored in great detail. From
preliminary captive bubble contact angle measurements
under controlled potentials, there appears to be a benefit in
using this new co-collector along with SiBX and potentially
DTP. This is a novel application of the nC12-TTC due to its
low sensitivity to oxygen activity and surface oxidation
products (du Plessis, 2003).
It is well known that the choice of surfactants (especially
collectors and frothers) has a significant effect on flotation
metallurgy as the joint actions between them are widely
acknowledged (Rao, 2004a, 2004b; Laskowski, 1993; Leja,
1989). The interaction of the nC12-TTC with various frother
types, and how it affects bubble capture and flotation
kinetics, also needs to be investigated.
It will be of value to further test this novel co-collector on
problematic ore types as well, where rapid surface oxidation
and poor collector adsorption are causes of substandard
metallurgical performance.
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Informal settlements and mine
development: Reflections from South
Africa’s periphery
by L. Marais*, J. Cloete*, and S. Denoon-Stevens†

Historically, mining companies worldwide provided housing and developed
towns to accommodate their employees. At the end of the 1980s this
approach became less prevalent and attempts were made to mitigate the
effects of mine development and mine closure on communities living near
the mines. Permanent settlement in mining towns urgently needed to be
minimized. Since the advent of democracy, South African policy has
moved in the opposite direction, shifting the emphasis to creating
integrated communities and encouraging home ownership. Despite this
policy shift, however, mines continue to influence local housing
conditions. One direct outcome has been the development of informal
settlements. We surveyed 260 informal settlement households in
Postmasburg, a small and remotely located town in the Northern Cape
Province of South Africa. We found that because they employ contract
workers and thus arouse expectations of employment, the mines here
contribute extensively to the development of informal settlements. But
local factors also contribute, and the functional role of informal
settlements as a form of housing that supports mobility should not be
underestimated. We also found that both municipal and mining company
policies for informal settlements were inadequate. Finally, we found that
low-income informal settlers not associated with mine employment
suffered the highest levels of social disruption.
.(*&'
mining, mining towns, informal settlements, housing policy.
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A mine generates demand for labour, which in
turn generates demand for housing. When
settlements spring up near a mine this often
means poor housing conditions. In South
Africa in the 1960s and 1970s mining
companies invested heavily in company towns
or mining settlements, but they have become
increasingly hesitant to do so, for three
reasons. First, declining resource prices in the
mid-1980s and the 1990s compelled them to
focus on core business interests and reduce
the costs of peripheral activities such as
housing (Bryceson and MacKinnon, 2013);
second, at the turn of the 20th century they
were often accused of taking over the role of
local government (IIED, 2002) and
consequently became hesitant to invest in
developing mining towns; and third, changing
labour regimes also curbed their investment in
such towns (Haslam McKenzie, 2010).
Increasingly, the companies began to endorse
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block-roster shifts, and outsourcing also
became more common in the early 1990s.
Block-roster shifts in Australia (together with
improved technology) have meant that miners
do not need to settle near the mines but can fly
in and fly out and have their urban houses as
their stable homes. This has had serious
negative implications for housing in remote
towns in Australia, particularly worker camps,
large-scale renting out of available
accommodation, and ‘hot-bedding’.
In South Africa, the history of mining is
closely related to apartheid planning (Mabin,
1991). Housing for black miners was
constrained by influx control and
institutionalized migrant labour and mostly
took the form of compound living (Crush,
1994). By the mid-1980s mining companies
had started to consider ownership models for
their workers. By the end of the 1990s they
were under pressure to upgrade their
compounds to single living quarters, and
living-out allowances became the norm in the
industry (Crush, 1989, 1992; Rubin and
Harrison, 2016). The upgrading of compounds
meant that they had fewer people to
accommodate and the living-out allowances
made miners responsible for finding their own
housing. These measures did not, however,
necessarily improve the miners’ living
conditions and it has been argued that they
contributed directly to the development of
informal settlements around the mines (Marais
and Venter, 2006; Rubin and Harrison, 2016).
While block-roster shifts have largely failed to
make inroads into the South African mining
labour regime, mining has not escaped the
consequences of outsourcing, which has meant

Informal settlements and mine development: Reflections from South Africa’s periphery
that large numbers of people have flocked to mining areas in
the hope of being employed as contract workers. The result
has been the development of large-scale informal settlements
in mining towns (Cronje, 2014). As these contract workers
are not directly employed by the companies, they fall outside
the ambit of the companies’ social responsibility and housing
support programmes.
Postmasburg, in the semi-arid and sparsely populated
Northern Cape Province of South Africa, was until 2010 a
sleepy little town. Two events in the local mining scene were
a shake-up. In 2010 Assmang, the company that owns the
Beeshoek iron-ore mine about 15 km from Postmasburg,
announced that it was relocating the people from its company
town at the mine to Postmasburg itself, to make room for
expansion at the mine. And then in 2011, Kumba (a
company in which Anglo American has a majority share)
announced that, because of the increased demand for iron
ore, it was opening a new mine, Kolomela, about 23 km from
Postmasburg. The result was an increase in Postmasburg’s
population from about 19 000 in 1996 to the current 35 000
(Statistics South Africa, 2016). In the process, large informal
settlements developed in and around Postmasburg. By 2015,
approximately 2500 informal housing structures had been
erected, constituting about 25% of Postmasburg’s housing.
Yet we do not know many details about these informal
settlers, such as their place of origin, the composition of their
households, their employment status, the number of
household members who work on the mines, their current
levels of wealth, and their place attachment to Postmasburg.
The study on which this paper is based investigated these
matters against the background of the international literature
on mine housing and the history of mine housing in South
Africa. We argue that both the local municipality and the
mines (through employment, contract work, and the
prospects of obtaining a job) have contributed to informal
settlement development. Furthermore, the original
inhabitants of the informal settlements, mostly low-income
earners or unemployed, have found the influx of people a
serious concern. For the many contract workers and job
seekers flocking to Postmasburg, an informal housing
structure represents some form of temporary accommodation
that does not require a large investment and is easy to
dismantle should a decision be taken to leave the town.
Although informal settlement in South Africa is a muchresearched topic (Cirolia et al., 2016), far less work has been
done on informal settlements in the context of mining (c.f.
Rubin and Harrison, 2016, as an exception).

0("*'
In 2015–2016, as part of a larger household survey in
Postmasburg, we carried out a survey of 260 households in
the town’s informal settlements. We split the informal
settlements into eight areas and conducted between 30 and
40 interviews at informal dwellings in each area, including
some backyard shacks. We used a convenience sampling
method to select households in the eight areas. The
interviews included questions on migration, household
wealth, income and expenditure, and a further range of
questions on housing and social cohesion in the community.
Our paper also refers to census data on the growth of
informal settlements in Postmasburg.
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Up to the early 1980s mining companies globally were eager
to develop company towns (Crawford, 1995). This meant that
the houses belonged to the company and the miners had
relatively cheap housing near the mines (Littlewood, 2014).
Company towns provided good living conditions for the
miners and ensured that the mines had access to labour. But
the resource price slump in the mid-1980s saw the first
changes being made to this policy (Marais et al., 2017).
Declining commodity prices made mining companies rethink
their commitment to non-core activities such as housing and
the maintenance of mining towns. This trend had two
consequences for the towns. In many cases their governance
was transferred to democratically elected local councils,
giving these councils a larger degree of local political
responsibility but also burdening them with the long-term
maintenance risks. In other cases the mining companies
privatized the houses on their books, thus transferring the
risk of homeownership to the households.
Despite the trend towards minimizing the role of mining
companies in housing, the companies in many cases
continued to dominate settlement development. In a global
rethink of practice, the International Institute for
Environment and Development (IIED, 2002) noted that, in
too many cases, mining companies performed the functions
of local authorities. The IIED recommended that this
dominant role be reduced and a greater emphasis placed on
partnerships and collaborative planning initiatives. However,
the companies also wanted to guarantee a good quality of life
in order to recruit skilled employees and a younger
workforce.
Besides encouraging companies to investigate
alternatives to mining towns, the changing labour regime has
caused them to invest less in the concept of mining or
company towns (Haslam McKenzie, 2010). Block-roster
shifts have ensured higher salaries for miners and also
substantially improved their mobility. Coupled with the
introduction of fly-in fly-out arrangements in Australia, this
meant that miners could fly in for three weeks of work and
go home to one of the main urban areas for a week (or
various permutations of this arrangement). The outcome was
that formal family housing was no longer needed at mining
sites. The IIED (2002, p. 221) sums up the situation thus:
‘Under this system, remote mineral deposits are mined
without developing traditional mining towns, and workers
are brought in from outside.’ The original communities are,
moreover, protected from the negative implications of mining,
such as a huge influx of people to the town.
Despite these changes, unintended effects of mining on
settlements near mines continue to be described in the
international literature. Housing and planning problems
associated with mining have been recorded in North America
(Halseth, 1999), Europe (Feagin, 1990), and Australia
(Haslam McKenzie et al., 2009). Mining developments result
in rapid population growth, and consequently pressure to
release land for new houses and services (Haslam McKenzie,
2013), and also rapid increases in house prices and rental
fees (Rolfe et al., 2007; Carrington, Hogg, and McIntosh,
2011; Grieve and Haslam McKenzie, 2011; Lawrie, Tonts,
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Historically, mine housing was split along racial lines, with
white miners enjoying the benefit of company towns or
extensive housing allowances while black miners were
mainly housed in high-density compounds and subject to
institutionalized migrant labour control and influx control.
Compounds originated in the diamond mining industry in
Kimberley, owing to concerns about security and controlling
the black miners (Crush, 1992). In this way, mobility was
controlled by the state and the private sector.
By the mid-1980s the notion of home ownership for
black miners had become prominent (Crush, 1989). It became
possible when government lifted influx control and started
granting homeownership to black middle-class residents, and
when banks followed suit by offering mortgage finance. By
the early 1990s, however, this new wisdom was under threat
as high interest rates, mortgage boycotts, and the rapid drop
in the gold price made home ownership less attractive
(Tomlinson, 2007), especially in mining areas. Although
various agreements between government and the private
sector helped to address the situation, they did not solve the
problem in areas that had to bear the consequences of mining
decline (Marais, 2013). During the later 1980s and the early
1990s, many mining companies privatized their housing
stock to their middle-income white employees.
With the advent of democracy in 1994, the search was on
for an appropriate policy response to the years of
underinvestment in housing under the apartheid government.
Despite some reference to mine housing in the original White
          

Paper, it was only in 2002 that mine housing again rose to
prominence with the Minerals and Petroleum Development
Act (2002). While the Act does not refer to housing in
mining areas, it requires mining companies to develop social
and labour plans that are aimed at supporting local strategic
plans (called integrated development plans). These social and
labour plans could include housing-related matters. More
specifically, government has included housing issues in the
various versions of the Mining Charter (Department of
Minerals and Energy, 2002; Department of Mineral
Resources, 2010, 2016). By requiring that compounds be
transformed into single living quarters, the various versions
have rightfully got rid of the compound system. A living
allowance was introduced from the mid-1990s so that miners
could find their own housing, an unintended consequence of
which has been the informal settlements that have developed
near mining towns (Rubin and Harrison, 2016). The Mining
Charter also refers to the development of integrated
settlements rather than mining towns. Our review of the
international literature made it clear that this approach stands
in contrast to what is being done in Australia, where only
limited settlement occurs near the mines. The most direct
government response to housing miners in South Africa came
when government introduced the Strategy for the
Revitalisation of Mining Towns (Tshangana, 2015). This
strategy largely focused on improving the housing conditions
of miners following the Marikana massacre in 2012. This
improvement has to be achieved mainly by means of the
existing housing subsidy that largely (though not
exclusively) provides ownership housing. To date, both
municipal and mining company policies on informal
settlements have been inadequate.
What started as a system controlled by both government
and business has now become more flexible. The lifting of
influx control, the provision of home ownership, the
dismantling of the compound, and living-out allowances have
shifted the onus onto the mineworkers. Mineworkers are now
able make decisions and a large number have opted for
housing systems that ensure mobility between places and
jobs. The need to be mobile is, moreover, reinforced by the
fact that mine work, especially contract work, is by definition
of limited duration.

1('(#&+%)%)'
Postmasburg offers an example of how the logic of creating
integrated settlements by integrating mine and non-mine
households was put into practice. The expansion of Beeshoek
made both Assmang and government keen to integrate the
company-town mining population with that of Postmasburg.
For the company it was a way to discard activities peripheral
to its core business, and the associated long-term liabilities;
for government it was a way to integrate the miners with
other communities. Together Assmang and Kolomela have
been instrumental in constructing more than 1 000 dwellings
to house their staff in Postmasburg (Cloete and DenoonStevens, 2018). This has involved considerable investment
by the mines. Whereas in the case of Assmang ownership
was provided, Kolomela provided rental housing. The
Assmang approach to home ownership is especially
innovative in that a capital subsidy offered by the mine is
linked to a housing allowance and an instalment-based sale
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and Plummer, 2011; Akbar, Rolfe, and Kabir, 2011;
Chapman, Tonts, and Plummer, 2015). The IIED (2002, p.
65) says miners ‘still live in isolation in many parts of the
world, or in overcrowded “boom towns” with few social and
cultural opportunities’. The increased housing demand
generated by mining raises the price of houses, making them
too expensive for existing residents. Often, housing
expenditure exceeds the norm of 30% of a household’s total
expenditure (Haslam McKenzie et al., 2009). The high prices
of housing and African countries’ inability to provide
infrastructure have led to widespread informality around
mines (Littlewood, 2014; Negi, 2014). These negative effects
of an influx of people can disturb the local community’s place
attachment and cause social disruption (England and
Albrecht, 1984).
In Australia, informality seems to have taken a somewhat
different form and includes tents, temporary housing,
caravans, overcrowding, ‘hot-bedding’, and the illegal
subdivision of urban stands (Haslam McKenzie et al., 2009).
The setting up of worker camps and the block booking of
motels are common practices that tend to complicate longterm planning. High house prices also have negative
consequences for existing mine communities, low-income
families, and indigenous societies. According to Ennis, Tofa,
and Finlayson (2014, p. 338), ‘[for] residents living in the
economic shadow of major projects, the resultant housing
shortages and high living costs generate economic insecurity,
especially among already vulnerable populations and those
on low or fixed incomes’. Obeng-Odoom (2014, p. 8)
describes these negative consequences of mining as the ‘local
implications of the resource curse’.

Informal settlements and mine development: Reflections from South Africa’s periphery
(as opposed to a mortgage) (Stewart and Drewes, 2018). We
have mentioned the large influx of people this brought to the
town, and the mushrooming of informal settlements. We
have also noted that, to date, policy responses in respect of
informal settlements are inadequate.
In the following sections we present our study findings
about Postmasburg’s informal settlers, and we compare them
with the residents in formal housing.

     
According to data from Statistics South Africa (2016),
Postmasburg has experienced large-scale growth in terms of
the number of informal settlements. In 1996, only 750
households resided either in informal backyard dwellings or
in informal houses on separate stands. By 2011, this figure
had risen to nearly 2 300 (current estimates are that there
are now more than 3 000). While the 2011 figure indicates
that 28% of the households in Postmasburg were at the time
living in informal settlements, the figure for South Africa, by
comparison, stood at just below 14% (Statistics South Africa,
2016).
In Figure 1 we provide an overview of the location of the
current informal settlements in Postmasburg. The most
prominent space invaded by informal settlers happens to be
the space between Newton and Postmasburg, this being
largely due to its favourable location.

   
The development of informal settlements near mining sites is
often attributed to mining. Figure 2 shows the profile of
informal households and their relation to mining in
Postmasburg. In our survey, 75 of the 260 households (29%)
in informal houses were linked to employment by a mining
company or by a contractor to the mine. Approximately 8% of
these informal dwellers were employed directly by a mining

company and the rest (21%) by a contractor to one of the two
big mines. The remaining 71% of households did not have
anybody in the household employed by a mining company.
But 35% settled in Postmasburg in the last ten years – most
likely looking for employment. The remaining 46% largely
originated from formal Postmasburg. These figures suggest
that mining has been either directly or indirectly responsible
for informal settlement development. In other evidence,
looking at miners only, we found that 73% of the miners in
informal housing were contract workers but in formal
housing the portion was only 19%. These figures show that
contract workers in a changing labour regime do indeed
contribute to informal settlement development, as is often
claimed in the media and in the academic literature.
The question then arose as to how many of the
households in the informal settlements had moved to
Postmasburg in search of employment, settled in informal
settlements, but could not find employment. We asked nonmining households if they had been living in Postmasburg
ten years earlier, and found that approximately 35% of them
had moved to Postmasburg from elsewhere during the past
ten years. We can thus categorize informal settler households
living in Postmasburg at the time of the survey as follows:
 46% were local households who had moved there in
search of land
 29% were employed in mine-related work (8% directly
by the mine and 21% by subcontractors to the mine)
 The other 35% of households associated with mining
were not employed by the mines at the time of the
survey but, according to our data, had moved to
Postmasburg in the intervening 10 years, in search of
employment.
Our data shows that it is incorrect to assume that mining
alone drives informal settlement development, though the
pressure exerted by mining could well have been
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Given that mines historically employed migrant labour, we
wanted to determine the migration trends of households
living in informal houses. The overall patterns did not differ
much from those of households living in formal houses, just
over 28% of whom had previously lived in another town. The
corresponding percentage for informal housing was 35%.
Consequently, some migration was ascribable to expectations
of employment.
When asked whether they had lived in Postmasburg 10
years earlier, 77% of the formal and 67% of the informal
dwellers said they had indeed lived in Postmasburg at that
time. These figures show that a higher degree of mobility was
associated with the informal settlements (a relationship that
is also statistically significant): thirty-three per cent of the
household members living in informal houses at the time of
the survey had lived elsewhere 10 years earlier.

  
The household demographics show that males constituted a
slight majority in informal settlement households (61.8%).
Conversely, 49.5% of members of formal households were
male. Although this difference is not statistically significant,
it does tend to show a predominance of male-dominated
households in the informal settlements. Language differences
did, however, exhibit statistically significant relationships:
          

Afrikaans- and Setswana-speaking households (the two
dominant local languages) were less likely to be living in an
informal settlement than were Sesotho- and Xhosa-speaking
households. As for education levels, the households in
informal settlements had substantially fewer Grade 12 or
post-Grade 12 qualifications. For example, while 32% of the
residents in formal houses had a Grade 12 or a post-Grade 12
certificate, this was true of only 16% of those who lived in
informal houses.
We found a substantial difference between the formal and
informal housing profiles. The average number of rooms in
informal houses was 2.15, compared with 5.5 in formal
houses. Household size was slightly smaller in the informal
houses (three persons per household) in comparison with 3.3
persons in formal houses. This means that there were 0.72
rooms per household member in the informal houses
compared with 1.7 rooms per person in the formal houses.
The non-mining households in the informal settlements had
larger houses (on average 2.32 rooms per house) than did
mining households (1.85). Overall, 78% of households in the
informal settlements said they owned their houses. In this
regard, there was not much difference between mining and
non-mining households, with approximately 78% of both
groups saying they owned the informal house. The current
market value of these informal houses (at the time of the
survey) was just over R16 000. But households linked to
mining employment (either directly employed or as contract
workers) had paid substantially more for their informal
houses (R9216) than those not engaged in mining (R5800).
This confirms that mining salaries do indeed create some
demand for informal houses. Furthermore, 13.1% of the
respondents living in informal houses said that they were
paying rent. It is noteworthy that the average monthly rentals
of non-miner households were higher (R713) than those of
miner households (R550). Mine employment and informal
housing seem to provide contract workers with a means of
reducing expenditure and saving on living costs.
VOLUME 118
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instrumental in forming informal settlements in mining
areas. Our data also shows that where mining does play a
role in informal settlement formation, it is more likely to do
so indirectly through contract workers or through people who
have migrated to find employment than through those
directly employed by the mines. Although the mines have
largely provided their own employees with adequate housing,
a small percentage of those directly employed by the
companies still live in informal housing.
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As is to be expected, respondents from informal houses
were much less satisfied than those in formal houses with the
condition of their housing. Only 30% claimed to be happy,
and 57% said that they were unhappy (the scale made
provision for ‘happy’, ‘satisfied’, and ‘unhappy’). The
corresponding figures for those in formal houses were 51%
‘happy’ and 18% ‘unhappy’. When we compared mining
households with non-mining households, we found that 35%
of the households employed in mining were happy, in
comparison with only 27% of the non-mining households.
Possession of second homes was less common among
households living in informal houses. Only seven (2.7%) of
these respondents said they had a second home, compared
with 9.5% of the households in formal houses. Three of the
seven respondents living in informal houses were letting the
second house and the remaining four said friends and family
used the second home.
A substantial percentage of respondents in the informal
settlement said they had bought their houses. Figure 3 shows
that 50% of the informal houses were bought between 2011
and 2015. This coincides with the resettlement of employees
from Beeshoek to Postmasburg and the construction and
opening of the Kolomela mine. The fact that non-mine
households constituted about 45% of households in informal
settlements shows that local factors not connected with the
mining industry also contributed to informal settlement
development.

   
As expected, informal households had substantially lower
access to basic infrastructure than did formal households.
Only 40% of informal houses had access to water on the
stand and the remaining 60% had to use a public tap.
However, only 9% of the respondents in informal houses said
that they were paying the municipality for water – largely
because the municipality has been unable to extend services
to these areas. Respondents living in informal houses and
who had mining employment were more likely to have to use
a public tap (68%) than those who did not have mining
employment (55%). Only 14% of the households in informal
housing had water access further than 200 m away – the
national benchmark in this regard. Once again, this
percentage was slightly higher for mine-employed
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respondents. An interesting finding is that the informal
housing respondents were less likely to say they had had
water disruptions during the previous six months. Only 50%
of the respondents living in informal houses said that they
had had water disruptions, as against 70% of those living in
formal houses.
Similar disparities featured in respect of sanitation. Just
under 60% of the respondents in informal housing had either
a bucket system or no system at all. Because recent research
has shown that sharing a toilet facility has negative health
implications (Marais and Cloete, 2014), we investigated the
situation in Postmasburg. Having to share such a facility was
slightly more common for respondents in informal (26%)
than formal housing (23%). However, having to share a toilet
facility was more common for miner households in formal
(27%) than in informal housing (26%).
Only 31% of those living in informal houses had
electricity. Power cuts because of non-payment were virtually
absent in both informal and formal houses because most of
them had prepaid electricity meters.
Only 10% of respondents living in informal houses said
that waste removal took place, compared with 86% of
respondents who lived in formal houses.

 
As regards employment, there was not much difference
between households in the informal and formal settlements.
In the informal settlements, 41% of the adult residents were
employed, compared with 43% in the formal settlements.
More specific findings in respect of employment were that
73% of formal households and 63% of informal households
had income from employment. Self-employment income in
informal settlements (5.8%) was also lower than in the
formal settlements (7.9%). Although households receiving an
old-age grant were substantially fewer in informal houses
(7%) than in formal houses (18%), substantially more
households in informal houses reported receiving a child
support grant (40%) than was the case in formal houses
(25%). Interestingly enough, the informal households were
less likely to receive donations or remittances from elsewhere
(6%) than were formal households (10%).
There was a marked difference between formal and
informal households’ average monthly incomes: on average
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39
177
430
98
744
8.4

5.2
23.8
57.8
13.2
100.0
3.2

169
63
28
2
262
3.3

64.5
24.0
10.7
0.8
100.0

just over R8200 for the former but below R4000 for the
latter. The difference in average monthly household
expenditure was similar: R6230 for formal households and
R3320 for informal households. Similar disparities were
found in income and expenditure for informal households
both linked and not linked to the mining industry: income of
R7501 and expenditure of R5248 for the former, and income
of R2730 and expenditure of R2270 for the latter.
We also assessed informal and formal households’ assets
(Table I). In the absence of reliable income and expenditure
data in surveys such as this, access to household assets
usually provides a good indication of households’ economic
status. Of a list of 15 household assets, households in
informal settlements owned an average of 3.2 compared with
8.4 in formal settlements. The housing assets of informal
mining households were marginally more (3.3), which points
to miners earning better salaries, though it also shows that
the circumstances of informal housing do not support the
accumulation of household assets.
Having asked about household income and assets, we
next asked respondents two questions about how they
ranked themselves in comparison to other households. First
they had to rate their own income relative to other
households on a five-point Likert scale, with 1 representing
‘much above average income’ and 5 ‘much below average
income’. As could be expected, the informal respondents’
average ranking of their own income at 3.9 was lower than
the 3.2 ranking returned by formal dwellers. Also, the
rankings by respondents from mining households were
higher than those of non-mining households (3.6 compared
with 4.1), which supports the income and expenditure
disparities we have already mentioned.
The respondents were then asked to rank themselves on
a six-rung ladder, with the first rung representing the poorest
and the sixth the richest, at age 15, 10 years ago, and at the
time of the survey, 2015 (Table II). The 2015 rating should
be interpreted against the fact that the survey followed the
slump in iron ore prices in June of that year. The overall
economic climate in the town was grim, and the 2015 ratings
are consequently all much lower than those of 2005. The fact
that contract workers are generally the first to suffer the
effects of mine downscaling is the main reason why residents
in the informal houses, where more contract workers live,
returned lower rankings than those living in formal houses.

 
Broadly, ‘place attachment’ refers to a positive relationship
between people and places (Hummon, 1992). To measure
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63
22
7
0
92

68.5
23.9
7.6
0.
100.0

place attachment, we asked respondents whether they
wanted to stay on at their current location; whether they
thought it was likely that a lost wallet containing R200 and
contact details would be returned to them by someone from
the community; and how they perceived the crime situation
in the area. Given the prevailing insecurity of tenure in
informal settlements, place attachment in these settlements is
usually much stronger than in formal settlements – mainly
because of the fear of being evicted. We found that 76% of
respondents in the informal settlements had a very strong
preference for staying on at their current location, compared
to 57% of respondents from the formal settlements. As
regards the likelihood of getting the wallet back if it was
picked up by someone from the community, many more
respondents in the informal (34%) than formal settlements
(7%) considered it very likely. Strangely, however, more
respondents from mining (46%) than non-mining
households (27%) considered it very likely. This might be an
indication that the non-mining households perceive the
mining households as intruding into ‘their’ space and not
part of their community.
To measure differences in perceptions of crime we again
used a five-point Likert scale, with 5 representing a specific
crime being a very common occurrence and 1 as never
happening. Table III shows that in the ‘burglaries, muggings
or theft’ category and the ‘drug or alcohol abuse’ category
there were virtually no differences between the perceptions of
respondents in formal and informal houses. However, for the
four other categories we found that the informal dwellers
considered themselves exposed to higher levels of those
crimes. And further, informal dwellers not involved in mining
employment considered themselves exposed to higher levels
of crime than did informal dwellers engaged in mine-related
employment. These findings strongly suggest that the highest
level of social disruption is experienced by the informal
dwellers who have been living in Postmasburg for a longer
time and who are not employed in mining.

Table II

*'"$#' &+&('*)()"' +(#!"+&#)%)
%$(+*+&#)%)
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Aged 15
Ten years ago (2005)
At the time of the survey (2015)

3.06
2.92
2.76

2.92
2.54
2.39
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Table III

*'"$#' &+&('*)()"' +(&("%*)'+*+&%$(+ %(&"'#!(+&#"%)'
&%$(
Burglaries, muggings, or thefts
Violence between members of the same household
Violence between members of different households
Gangsterism
Murder, shootings, or stabbings
Drug or alcohol abuse

*&$#!+* '%)

)*&$#!+* '%)

)*&$#!+)*)$%)(+* '(*!'

)*&$#!+$%)(+* '(*!'

3.61
2.77
2.68
3.43
2.86
4.22

3.68
3.20
3.19
3.78
3.32
4.22

3.87
3.37
3.37
4.05
3.52
4.42

3.44
2.90
2.88
3.30
2.98
3.87

*)! '%*)
Globally, mining activities exert pressure on existing
settlements near mines. Since the early 1990s, mining
companies have been withdrawing from the peripheral
responsibilities involved in company towns and companyprovided housing. Although changing labour regimes have,
in some locations, reduced the industry’s dependence on
mining towns, in other cases they have led to the
deterioration of local housing conditions. Since the 1990s, a
larger degree of outsourcing has created a situation in which
mining companies are no longer responsible for housing
everyone working on the mine.
This paper has outlined the poor housing conditions in
Postmasburg. The mushrooming of 2300 informal houses
has been closely (though not exclusively) associated with
mining development. We compared the residents in the
informal houses with those in formal houses. We conclude
with four observations, taking into account the international
literature and the policy environment.
Firstly, our evidence shows that mining is directly and
indirectly responsible for the massive growth in informal
houses experienced in Postmasburg. In its direct
manifestation, it is apparent from the evidence in this paper
that mine-employed households have been buying informal
housing structures since 2011. Indirectly, then, there is also
evidence that most households with mine employment
(nearly two-thirds) are employed on a contract basis at the
mines. Outsourcing and mine contract work have thus
definitely contributed to increased informal housing
development in Postmasburg. There is also more indirect
evidence in that people in informal settlements have migrated
to Postmasburg in the hope of finding employment. In
essence, the influx of people living in informal settlements is
the result of a combination of mine employment, contract
work, and the expectation of finding work at one of the two
mines.
Secondly, we question whether the informal settlement
development associated with mine contract work is
necessarily a negative phenomenon. The limited duration of
contract work means that mobility is an important factor for
such households, and living in an informal house provides
the necessary mobility. Further evidence that these contract
workers themselves do not have long-term prospects of
remaining in Postmasburg is demonstrated in that miners
living in the informal settlements tend to have smaller
households and invest less in their houses or the associated
infrastructure – despite their receiving larger salaries and
spending more money than do households in informal
settlements who do not have mine employment. These factors
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all show that living in an informal house represents an
attempt to manage specific housing needs without having to
invest too heavily. Postmasburg’s remote location means that
finding non-mining employment there is unlikely, so the
mobility that informal settlement allows is an asset to job
seekers.
Thirdly, mining is not the only driving force in the
formation of informal settlements. More than 50% of the
households in Postmasburg’s informal houses are not linked
to mine development. The high levels of child support grants
and the low levels of old age pensions paid to informal
dwellers indicate that local household formation also
contributes to informal settlement development. However, it
is not clear whether the growth in informal settlements
associated with mine development has sparked further
informal settlement development among local people. What is
clearer is that informal settlement development started long
before the post-2011 mining boom.
Fourthly, the question arises as to what the most
appropriate policy responses from mining companies and the
municipality would be. Government policy emphasises the
integration of mining communities and home ownership. But
since our evidence shows that these informal settlements are
dependent on mining, perhaps government emphasis on
ownership should be challenged? The current policy on
informal settlement upgrading provides for interim service
delivery even though the land has not been proclaimed. This
policy acknowledges that the mobility concerns of households
do not necessarily end with the provision of ownership.
Perhaps the important point here is that the mines have
taken pains to provide both ownership and rental housing to
their employees. However, neither the mines nor the
municipality have attempted (within the existing policy
framework) to address the plight of informal dwellers. The
mines could well justify their active involvement from a
health point of view. This could mean fewer households
having to share toilet facilities and more households having
good access to water and electricity, which should indeed
contribute to better health and enhance productivity. In the
final analysis, an approach that accommodates some form of
informality would be a sensible response. It is, however, up
to the municipality and the mining companies to make the
mind-shift. One should also acknowledge the presence of
serious capacity constraints at the municipal level, such as
those related to technical ability and the ability of the
governance structures to deal with the mines on an equal
footing. Thus, even though the presence of mining ought to
be an asset to local government in remote locations, this
seldom occurs in practice.
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Finally, we found that the informal dwellers not employed
by the mines have experienced the highest degrees of social
disruption in Postmasburg. Increases in the numbers of
informal dwellers have been viewed most negatively by the
original community and by those informal dwellers not
directly associated with mine employment. This supports one
of the most important findings of many social disruption
studies, namely that disruption of place attachment usually
has the most damaging effects on the poorest households.

T AILING STORAGE CONFERENCE 2019
Investing in a Sustainable Future
17–18 October 2019
Johannesburg

BACKGROUND
Engineers designing tailing storage facilities are faced with a
number of new challenges resulting from the encroachment of both
formal and informal housing projects, legislation pertaining to water
usage and pollution control, shortages of water for processing, and
the requirements for tailing dam closure.
This has resulted in the introduction of new designs for construction of more stable dams, alternative deposition methods, the
introduction of non-permeable linings, and the capping of dams to
encourage rehabilitation and minimize dust pollution. The shortage
of water in Southern Africa has necessitated changes in dam design
to minimize water usage by either reducing the amount of water to
the dam or increasing the amount of water recovered.
Understandably, new legislation has been passed to regulate
the construction and operation of tailing storage facilities. This
knowledge resides with few specialists in the industry, and the
operators on the mines are sometimes unaware of the consequences of these changes for their operations. In many cases the
operations engineer has been misinformed and the need has arisen
to get the parties together to discuss the implications of the
changes.
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the facility, and this has been further complicated by changes in the
minimum environmental requirements.
Industry has requested a tailing seminar for interested and
affected parties to share ideas and solutions with their peers. We
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legislators to get together for what could be a very informative and
successful event.

OBJECTIVE
This will cover a broad range of topics including:
 Latest trends in tailing disposal
 Environmental considerations and latest trends in tailing
facility closure
 Minimizing of dust pollution
 Maximizing water recovery
 Legal considerations in operating a tailing storage facility
 Designing a tailings storage facility
 Permitting and application for licences
 Current legislation
 Re-mining of tailing dams – design and operation
 Rehabilitation of land following remining

WHO SHOULD ATTEND
 Senior and operational management of mines
 Engineers responsible for tailing facility management
 Regional and national officials from DoE, DMR, DWA, and
DEA

 Companies and individuals offering tailings processing
solutions

 Researchers
 Environmentalists and NGO’s
 Legal representatives from mining companies
Key Dates:
Submission of Abstracts:
Submission of Papers:
Conference:

Conference Announcement

1 May 2019
19 June 2019
17–18 October 2019

For further information contact: Camielah Jardine
Head of Conferencing • Saimm • P O Box 61127, Marshalltown 2107
Tel: (011) 834-1273/7 • Fax: (011) 833-8156 or (011) 838-5923
E-mail: camielah@saimm.co.za • Website: http://www.saimm.co.za

http://dx.doi.org/10.17159/2411-9717/2018/v118n10a13

A modified Wipfrag program for
determining muckpile fragmentation
by A. Tosun

The size distribution of the muckpile formed as a result of open pit blasting
operations has a considerable effect on the efficiency of loading, hauling,
and crushing. Various researchers have developed specialized computer
software that uses image analysis methods for determining the size
distribution of the muckpile. However, these methods have some
limitations. One of the most important of these limitations is that the very
fine fragments in the muckpile cannot be used in the size distribution
calculation. In this study, 18 test blasts in total were carried out in two
limestone quarries belonging to Batıçim Corp. in Izmir, Turkey. A new
model was developed in order to ensure that very fine fragments are used
in the size distribution calculation. The size distributions of the test blasts
were calculated by both the Wipfrag computer program and the new
model. Correlations were established between the muckpile size
distributions determined by both methods and the parameters determining
the efficiency of the loader.
:6#23-*
Muckpile size distribution, blast efficiency, Wipfrag program.

0432-,.412077
The size distribution of the muckpile formed
as a result of open pit blasting operations has
a considerable effect on the efficiency of
loading, hauling, and crushing. Various
researchers have established certain
correlations for predicting the efficiency of the
operations according to the muckpile size
distribution so that production can be carried
out economically (Tunstall and Bearman,
1997; Nielsen and Kristiansen, 1996;
Workman and Eloranta, 2004; Michaud and
Blanchet, 1996; Frimpong, Kabongo, and
Davies, 1996; Osanloo and Hekmat, 2005;
Molotilov et al., 2010). In these studies, the
50% passing size (X50) is generally used.
These methods rely on the correct
measurement of the size distribution of the
muckpile formed by the blast. The most
reliable measurement method would be to
subject the entire muckpile to a sieve analysis,
but this is obviously impracticable. Therefore,
computational method based on image
analysis have been developed. These include
IPACS (Dahlhielm, 1996), Tucips (Havermann
and Vogt, 1996), Fragscan (Schleifer and
Tessier, 1996), Cias (Downs and Kettunen,
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1996), GoldSize (Kleine annd Cameron, 1996),
Wipfrag (Maerz, Palangio, and Franklin,
1996), Split Desktop (Kemeny, 1994),
PowerSieve (Chung and Noy, 1996), and
Fragalyst (Raina et al., 2002). In these
methods, the size limits of the fragments
forming the material are determined by image
analysis on photographs of the muckpile.
However, the computer software has some
limitations. It does not take into account the
third dimension of the muckpile, nor the size
distribution of very fine fragments. In
particular, the fragment size ranges below 2.5
to 3 cm cannot be determined, and therefore
these cannot be included in the muckpile size
distribution. However, the muckpile formed by
a bench blast contains a wide range of particle
sizes (Tosun et al., 2015).
In this study, a new model was developed
in order to ensure that the very fine fragments
in the muckpile are included in the size
distribution calculation. Eighteen test blasts in
total; eight at the Arkavadi limestone quarry
and ten at the Upper Aravadi limestone quarry,
both belonging to Batıçim Corp. in
Izmir,Turkey, were carried out. Initially, the
muckpile size distributions from the test blasts
(X50) were determined by the Wipfrag
computer program. The size distributions were
then calculated for each blast using a new
model, which incorporates the very fine
fragments. In order to determine which
method gives better results, the parameters
determining the loading efficiency were used.
Many researchers have emphasised that the
loading efficiency of the loader depends
directly on the muckpile size distribution
(Michaud and Blanchet, 1996; Frimpong,
Kabongo, and Davies, 1996; Osanloo and
Hekmat, 2005; Molotilov et al., 2010). Total
pressure values measured in the hydraulic

A modified Wipfrag program for determining muckpile fragmentation
pistons of the loader and the average fuel consumption of the
loader were used as the parameters determining the loading
efficiency. Correlations were examined between the muckpile
size distribution determined both by the Wipfrag computer
program and according to the new model with these loader
parameters.

A new model was developed in order to ensure that very
fine fragments are included in the determination of the size
distribution too. Very fine fragments below 2.5–3.0 cm in
each photographic image taken over the muckpile in this
model are blacked out, as seen in Figure 3, since their limits
cannot be determined. The percentile area of these blacked-

<6463+105412072(74'67+,.%)1/67*167-1*431,41207#74'6
1)(35&7)32&35+
The muckpile was divided into sections and photographs
were taken of the separated sections. The size ranges of the
fragments forming the material were determined by image
analysis of the photographs using the Wipfrag program. The
size distribution representing the entire muckpile was
determined by combining the size distributions obtained from
each photograph. For example, nine images in total were
obtained by dividing the muckpile of the second test blast in
the Arkavadi limestone quarry into sections and each of them
was subjected to fragment size analysis using Wipfrag
(Figure 1).
A total of 3496 fragments were included in the
examination by processing nine images taken from the
muckpile, their size distribution graphs were determined, and
the average fragment size distribution of the muckpile was
obtained by combining the nine graphs into a single graph.
The X50 value from this graph was calculated as 23.40 cm.
The results obtained from the size distribution analyses of
this muckpile are given in Tables I and II and Figure 2.
Table III presents the fragment size values (X50) of the
blast tests. The size value of the eighth test blast carried out
in the Upper Aravadi limestone quarry could not be
determined due to a data storage problem.

<6463+105412072(74'67+,.%)1/67*167-1*431,41207#
4'67067+2-6/7
The Wipfrag software calculates the muckpile size
distribution according to the number of fragments whose
limits can be determined. However, it is not possible to
calculate the distribution for fragments in the very fine size
range, that is, under 2–3 cm. Even if this were possible, the
image would contain millions of fragments. This limitation
will result in a biased calculation of the size distribution of
the entire muckpile.

1&,367 +5&67505/#*1*7)'5*6*72(757)'242&35)'72(757)23412072(74'6
*6.20-7+,.%)1/67/5*47.53316-72,475474'67 3%5$5-17/1+6*42067,533#7

Table I

'67(35&+6047*167$5/,6*7-631$6-7(32+757)'242&35)'72(74'67*6.20-746*47/5*47.53316-72,475474'67 3%5$5-1
/1+6*42067,533#7777
'242702

'67505/#*1*736*,/4*7)32$1-6-7#74'671)(35&7*2(4536
101+,+7(35&+6047*167!++"

51+,+7(35&+6047*167!++"

 !++"

,+6372(7(35&+604

13
13
13
13
13
13
10
17
17

1668
774
774
774
464
774
599
1668
2154

417.7
192.5
297.1
140.6
113.9
299.4
373.2
526.2
905.2

379
609
343
670
801
300
156
165
73

1
2
3
4
5
6
7
8
9
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Table II

Table III

'675$635&67)63.6045&67-1*431,412072(701067
+,.%)1/671+5&6*75..23-10&7427(35&+6047*167(32+
4'67*6.20-746*47/5*47.53316-72,475474'67 3%5$5-1
/1+6*42067,533#7

,.%)1/67(35&+604541207$5/,6*7.5/.,/5465..23-10&74274'671)(35&7*2(45367!"777
6*4702

7.+
3%5$5-17/1+6*42067,533#

35&+6047*167!++"
1000
500
300
150
125
100
75
50
40
37.5
35.5
31.5
25

61&'46-7! "
1
2
3
4
5
6
7
8

95.43
80.85
66.35
41.16
32.98
21.80
11.07
2.72
1.09
0.81
0.57
0.38
0.11

21.01
23.40
24.62
22.82
23.52
24.78
21.20
19.90

))637 35$5-17/1+6*42067,533#
1
2
3
4
5
6
7
8
9
10

27.53
23.58
27.28
23.03
22.93
24.74
28.26
25.02
31.34

1&,367 '675$635&67(35&+6047*167-1*431,41207.'5347(32+74'67*6.2046*47/5*47.53316-72,475474'67 3%5$5-17/1+6*42067,533#7

MW50

X50

X50

MW50 = Average fragment size calculated
according to the new model (cm)
= 50% passing size of the material calculated by the

          

[1]

1&,367 '67(1067(35&+604*750-74'67(35&+604*7'2*67*167.5076
-6463+106-7(32+757)'242&35)'72(74'67*6.20-746*47/5*47.53316-72,4754
4'67 3%5$5-17/1+6*42067,533#

Wipfrag method (cm)
= Fragment size of upper limit of fines (cm)
= Average area of the fragments whose limits can be
determined (%)
s
= Average area of the fragments whose limits cannot
be determined (%)
The Wipfrag size analysis program does not use
fragments larger than 1 m in its calculation of size
distribution. Therefore, the real values were found on the
f
p
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out fine fragments was calculated for each image taken over
the muckpile. Subtracting the percentile area of blacked-out
fine fragments from 100 gives the percentile area of the
fragments whose limits can be determined. The weighted
average and new size distribution values are then found
using the values of average percentile area in the images and
the size distribution of the fragments and the fine fragments
whose limits can be determined and therefore are used in the
calculation of the size distribution (Equation [1]). The size
below maximum of very fine fragments that are not used in
the size distribution calculation can be seen from the size
analysis results determined by Wipfrag. Very fine fragments
in the muckpile are not handled according to the number of
fragments, but according to the area of the image that they
cover.

A modified Wipfrag program for determining muckpile fragmentation
basis of the fragments used in the size analysis calculation
with the Wipfrag size analysis program by extracting the
fragments larger than 1 m in each photograph taken over the
muckpile. It was accepted that the > 1 m fragments were
formed as a result of drilling of hard rocks.
For example, nine images were taken over the muckpile
in a manner representing the entire muckpile in order to
determine the average size distribution of the muckpile
formed as a result of the second test blast at the Arkavadi
limestone quarry. The percentile areas of fine fragments
whose limits cannot be determined and fragments whose
limits can be determined in each image were calculated for
each image (Table IV).
It was understood from the Wipfrag dimensional analysis
program that the fine fragments in this test blast are those
smaller than 2 cm. Afterwards, the fragment size value
(MW50) from which 50% of the new material is smaller was
calculated by means of Equation [1].

MW50
Table V presents the fragment size values (MW50) of the
test blasts according to new model. The MW50 of the eighth
test blast carried out in the Upper Aravadi limestone quarry
could not be determined due to a data storage problem.

<6463+105412072(7/25-6376((1.160.#77
Loading at the Arkavadi limestone quarry is carried out by a
PC 450 LC 45 t backhoe hydraulic loader with a bucket
capacity of 3 m3, and at the Upper Aravadi limestone quarry
by a PC 550 LC 55 t backhoe hydraulic loader with a bucket
capacity of 3.6 m3.
To determine the loader efficiency, the oil pressure in the
hydraulic pistons of the loader and the average fuel
consumption during loading were used. Hydraulic pressure
was measured in the front pump, back pump, arm closure,
and bucket closure pistons of the loader. The pressures can
be monitored instantaneously as numerical values from the
monitor in the cabin of the loader. Image processing was
used for recording the instantaneous image data on the
loader monitor.

Table V

,.%)1/67(35&+604541207$5/,6*7.5/.,/5465..23-10&74274'67067+2-6/7!"
6*4702

7.+
3%5$5-17/1+6*42067,533#

1
2
3
4
5
6
7
8

16.73
18.23
18.19
18.80
16.34
15.15
15.73
16.40

))637 35$5-17/1+6*42067,533#
1
2
3
4
5
6
7
8
9
10

18.60
19.70
19.20
17.35
16.70
17.10
19.10
18.90
17.80

Electronic (digital) image data can be transformed into
numeric data that represents the pressures in the front pump,
back pump, arm closure, and bucket closure pistons of the
loader by using special software (Tosun et al., 2012). Except
for the first test blast at the Arkavadi limestone quarry, the
pressures were recorded in a computer environment during
completion of the loading of blasted material (Table VI).
Hydraulic pressure values during loading of the first test
blast at Arkavadi could not be recorded due to certain
problems experienced on-site.
The average amount of fuel consumed by the loader
while loading the muckpile will vary depending on the size
distribution. Fuel consumption values can be monitored from
the data tracking monitor on the loader. Before beginning to
load the material, the fuel consumption value was reset from

Table IV

'67.5/.,/5410&7+,.%)1/67(35&+604541207$5/,6*75..23-10&742724'74'671)(35&7*2(45367!"750-74'67067+2-6/
!"7(2374'67*6.20-746*47/5*47.53316-72,475474'67 3%5$5-17/1+6*42067,533#777
'242702

36572(7(35&+604*74'547.507
67-6463+106-7! "7

36572(7(35&+604*74'547
.5002476
-6463+106-7! "

76.05

23.95

2

73.67

26.33

3

79.07

20.93

4

63.96

36.04

5

57.93

42.07

6

82.21

17.79

7

83.31

16.69

8

83.16

16.84

9

83.14

16.86

Average

75.83

24.17
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,.%)1/67(35&+6045412077
$5/,67.5/.,/546-7#7
1)(35&7!7.+"

,.%)1/67(35&+604541207$5/,67
.5/.,/546-75..23-10&74274'67
067+2-6/7!7.+"

23.40

18.23

          

A modified Wipfrag program for determining muckpile fragmentation
new model with total hydraulic pressure in the loader pistons
of the loader and the average fuel consumption during
loading were examined (Table VII, Figures 4–11). Since
different loaders are used at Arkavadi and Upper Aravadi, the
correlations were determined separately for each site.
The muckpile size distribution (X50) calculated by the
Wipfrag program shows poor correlation with the parameters
determining loader efficiency, while very meaningful
corrrelations are found between the parameters and the size

the loader data tracking monitor. After the completion of
loading, the fuel consumption values were measured as an
average for each blast (Table VI). The pressures in the
hydraulic pistons of the loader and the amounts of material
loaded for each blast are also shown in Table VI.

9$5/,54120
The correlations between the muckpile size distribution
calculated both by the Wipfrag program and according to the
Table VI

'67-5457,*6-7(237-6463+1010&7/25-6376((1.160.#7
6*4702

25-637'#-35,/1.7)36**,36*7!%&.+ "
32047),+) 5.%7),+)

245/

3+7./2*,36 ,.%647./2*,36

245/70,+6372(77
-545

+2,0472(7/25-6-7

25-637(,6/7.20*,+)41207

+546315/7!4"

!/'"

5512.33
4156.98
3721.76
2447.66
3167.98
3814.88
5987.43
2272.54

27.10
37.70
33.80
34.90
27.80
23.90
25.30
30.70

2343.94
2350.10
7816.74
4965.16
995.80
2084.94
5861.80
1673.46
2653.40
2305.12

36.20
39.30
38.70
34.70
29.90
35.10
37.10
35.80
38.30
35.00

3%5$5-17/1+6*42067,533#
1
2
3
4
5
6
7
8

192.46
181.20
189.24
172.72
161.10
165.56
169.82

185.83
183.83
193.02
177.19
160.85
169.85
176.69

12.09
5.56
9.74
7.80
4.83
7.31
5.53

14.67
23.42
8.09
10.83
9.42
10.69
8.10

405.04
394.02
400.10
368.54
336.21
353.41
360.14

138712
13812
12060
91048
146380
85828
59060

))637 35$5-17/1+6*42067,533#
1
2
3
4
5
6
7
8
9
10

149.39
152.27
149.11
128.13
116.60
137.76
147.60
146.34
147.99
140.05

152.43
156.58
161.90
140.73
119.19
139.52
151.61
150.66
160.10
148.13

7.21
10.00
8.13
6.69
5.08
7.86
7.53
8.62
7.39
6.79

6.44
14.90
6.72
6.53
4.26
5.35
15.23
6.58
8.65
5.91

315.47
333.70
325.90
282.09
245.12
290.49
321.97
312.20
324.10
300.88

162804
240232
241640
447308
188868
149328
85172
146652
197844
234232

Table VII

'67-5457-6463+1010&7/25-6376((1.160.#750-7+,.%)1/67(35&+604541207$5/,6*7.5/.,/546-75..23-10&742724'74'6
1)(35&7*2(45367!"750-74'67067+2-6/7!"
6*4702

25-637'#-35,/1.7)36**,36*7!%&.+ "
32047),+) 5.%7),+)

245/

3+7./2*,36 ,.%647./2*,36

25-637(,6/77

,.%)1/67(35&+604541207

.20*,+)4120

.5/.,/546-75..23-10&7427

,.%)1/67(35&+604541207
.5/.,/546-75..23-10&742

!/'"

4'671)(35&7!.+"

4'67067+2-6/7!.+"

21.01
23.40
24.62
22.82
23.52
24.78
21.20
19.90

16.73
18.23
18.19
18.80
16.34
15.15
15.73
16.40

27.53
23.58
27.28
23.03
22.93
24.74
28.26
25.02
31.34

18.60
19.70
19.20
17.35
16.70
17.10
19.10
18.90
17.80

3%5$5-17/1+6*42067,533#
1
2
3
4
5
6
7
8

192.46
181.20
189.24
172.72
161.10
165.56
169.82

185.83
183.83
193.02
177.19
160.85
169.85
176.69

12.09
5.56
9.74
7.80
4.83
7.31
5.53

14.67
23.42
8.09
10.83
9.42
10.69
8.10

405.04
394.02
400.10
368.54
336.21
353.41
360.14

27.10
37.70
33.80
34.90
27.80
23.90
25.30
30.70

1
2
3
4
5
6
7
8
9
10

149.39
152.27
149.11
128.13
116.60
137.76
147.60
146.34
147.99
140.05

152.43
156.58
161.90
140.73
119.19
139.52
151.61
150.66
160.10
148.13

7.21
10.00
8.13
6.69
5.08
7.86
7.53
8.62
7.39
6.79

6.44
14.90
6.72
6.53
4.26
5.35
15.23
6.58
8.65
5.91

          

315.47
333.70
325.90
282.09
245.12
290.49
321.97
312.20
324.10
300.88

36.20
39.30
38.70
34.70
29.90
35.10
37.10
35.80
38.30
35.00
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A modified Wipfrag program for determining muckpile fragmentation

1&,3676/54120*'1)76466074245/7/25-637'#-35,/1.7)36**,367$5/,6*
50-7+,.%)1/67(35&+604541207.5/.,/546-75..23-10&74271)(35&7!X"7(23
4'67 3%5$5-17/1+6*42067,533#7

1&,3676/54120*'1)7646607/25-637(,6/7.20*,+)4120750-7+,.%)1/6
(35&+604541207.5/.,/546-75..23-10&74274'671)(35&7*2(45367!"7(23
4'67 3%5$5-17/1+6*42067,533#7

1&,3676/54120*'1)76466074245/7/25-637'#-35,/1.7)36**,367$5/,6*
50-7+,.%)1/67(35&+604541207.5/.,/546-75..23-10&74274'67067+2-6/
!"7(2374'67 3%5$5-17/1+6*42067,533#7

distribution (MW50)determined according to the new
model, in which the very fine fragments are also evaluated.
Total hydraulic pressure in the pistons of the loader and
the average fuel consumption by the loader used in the
determination of the loader efficiency according to the
muckpile size distribution are the net data where no error
occurred. Therefore, it is understood that the new model
circumvents certain deficiencies of the Wipfrag computer
program used in the determination of the muckpile size
distribution.
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1&,3676/54120*'1)7646607/25-637(,6/7.20*,+)4120750-7+,.%)1/6
(35&+604541207.5/.,/546-75..23-10&74274'67067+2-6/7!"7(2374'6
3%5$5-17/1+6*42067,533#7

1&,3676/54120*'1)76466074245/7/25-637'#-35,/1.7)36**,367$5/,6*
50-7+,.%)1/67(35&+604541207.5/.,/546-75..23-10&74274'671)(35&
*2(45367!"7(2374'67))637 35$5-17/1+6*42067,533#7

1&,3676/54120*'1)7646607/25-637(,6/7.20*,+)4120750-7+,.%7)1/6
(35&+604541207.5/.,/546-75..23-10&74274'671)(35&7*2(45367!"7(23
4'67))637 35$5-17/1+6*42067,533#7

820./,*120
In this study, 18 test blasts in total; eight at the Arkavadi
limestone quarry and ten at the Upper Aravadi limestone
quarry belonging to Batıçim Corp. in Izmir, Turkey, were
carried out. Muckpile size distribution values were calculated
for each blast using the Wipfrag computer program (X50) and
a new model which also evaluated very fine fragments in the
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14–17 October 2018 — Furnace Tapping 2018
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Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
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11–13 March 2019— 7th Sulphur and Sulphuric Acid
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Swakopmund Hotel, Swakopmund, Namibia
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Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za

30 October 2018— Cobalt Processing Short Course
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Fax: +27 11 838-5923/833-8156
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Johannesburg
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13–15 November 2019 — XIX International Coal
Preparation Congress & Expo 2019
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Contact: Coal Preparation Society of India
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Johannesburg
Contact: Yolanda Ndimande
Tel: +27 11 834-1273/7
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24–27 June 2019— Ninth International Conference
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Conference
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Contact: Camielah Jardine
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Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za

Company Affiliates
The following organizations have been admitted to the Institute as Company Affiliates

3M South Africa (Pty) Limited

eThekwini Municipality

Multotec (Pty) Ltd

AECOM SA (Pty) Ltd

Expectra 2004 (Pty) Ltd

Murray and Roberts Cementation

AEL Mining Services Limited

Exxaro Coal (Pty) Ltd

Nalco Africa (Pty) Ltd

Air Liquide (Pty) Ltd

Exxaro Resources Limited

Namakwa Sands(Pty) Ltd

Alexander Proudfoot Africa (Pty) Ltd

Filtaquip (Pty) Ltd

Ncamiso Trading (Pty) Ltd

AMEC Foster Wheeler

FLSmidth Minerals (Pty) Ltd

New Concept Mining (Pty) Limited

AMIRA International Africa (Pty) Ltd

Fluor Daniel SA ( Pty) Ltd

Northam Platinum Ltd - Zondereinde

ANDRITZ Delkor(Pty) Ltd

Franki Africa (Pty) Ltd-JHB

OPTRON (Pty) Ltd

Anglo Operations Proprietary Limited

Fraser Alexander (Pty) Ltd

PANalytical (Pty) Ltd

Anglogold Ashanti Ltd

G H H Mining Machines (Pty) Ltd

Arcus Gibb (Pty) Ltd

Geobrugg Southern Africa (Pty) Ltd

Paterson & Cooke Consulting
Engineers (Pty) Ltd

Atlas Copco Holdings South
Africa (Pty) Limited

Glencore

Aurecon South Africa (Pty) Ltd
Aveng Engineering
Aveng Mining Shafts and Underground
Axis House Pty Ltd
Bafokeng Rasimone Platinum Mine
Barloworld Equipment -Mining
BASF Holdings SA (Pty) Ltd
BCL Limited
Becker Mining (Pty) Ltd
BedRock Mining Support Pty Ltd
BHP Billiton Energy Coal SA Ltd
Blue Cube Systems (Pty) Ltd
Bluhm Burton Engineering Pty Ltd

Perkinelmer

Hall Core Drilling (Pty) Ltd

Polysius A Division Of Thyssenkrupp
Industrial Sol

Hatch (Pty) Ltd

Precious Metals Refiners

Herrenknecht AG

Rand Refinery Limited

HPE Hydro Power Equipment (Pty) Ltd

Redpath Mining (South Africa) (Pty) Ltd

Immersive Technologies

Rocbolt Technologies

IMS Engineering (Pty) Ltd

Rosond (Pty) Ltd

Ivanhoe Mines SA

Royal Bafokeng Platinum

Joy Global Inc.(Africa)

Roytec Global (Pty) Ltd

Kudumane Manganese Resources

RungePincockMinarco Limited

Leco Africa (Pty) Limited

Rustenburg Platinum Mines Limited

Longyear South Africa (Pty) Ltd

Salene Mining (Pty) Ltd

Lonmin Plc

Sandvik Mining and Construction
Delmas (Pty) Ltd

Lull Storm Trading (Pty) Ltd
Maccaferri SA (Pty) Ltd

Sandvik Mining and Construction
RSA(Pty) Ltd

Magnetech (Pty) Ltd

SANIRE

MAGOTTEAUX (Pty) LTD

Schauenburg (Pty) Ltd

Maptek (Pty) Ltd

Sebilo Resources (Pty) Ltd

MBE Minerals SA Pty Ltd

SENET (Pty) Ltd

MCC Contracts (Pty) Ltd

Senmin International (Pty) Ltd

MD Mineral Technologies SA (Pty) Ltd

Smec South Africa

MDM Technical Africa (Pty) Ltd

Sound Mining Solution (Pty) Ltd

Metalock Engineering RSA (Pty)Ltd

SRK Consulting SA (Pty) Ltd

Metorex Limited

Technology Innovation Agency

Data Mine SA

Metso Minerals (South Africa) Pty Ltd

Time Mining and Processing (Pty) Ltd

Department of Water Affairs and Forestry

Minerals Council of South Africa

Timrite Pty Ltd

Digby Wells and Associates

Minerals Operations Executive (Pty) Ltd

Tomra (Pty) Ltd

DMS Powders

MineRP Holding (Pty) Ltd

Ukwazi Mining Solutions (Pty) Ltd

DRA Mineral Projects (Pty) Ltd

Mintek

Umgeni Water

DTP Mining - Bouygues Construction

MIP Process Technologies (Pty) Limited

Webber Wentzel

Duraset

Modular Mining Systems Africa (Pty) Ltd

Weir Minerals Africa

Elbroc Mining Products (Pty) Ltd

MSA Group (Pty) Ltd

Worley Parsons RSA (Pty) Ltd

Bouygues Travaux Publics
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete
Council for Geoscience Library
CRONIMET Mining Processing SA Pty Ltd
CSIR Natural Resources and the
Environment (NRE)
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NINTH INTERNATIONAL CONFERENCE ON DEEP AND HIGH STRESS MINING 2019
24–25 JUNE 2019 - CONFERENCE
26 JUNE 2019 - SANIRE SYMPOSIUM
27 JUNE 2019 - TECHNICAL VISIT
MISTY HILLS CONFERENCE CENTRE, MULDERSDRIFT, JOHANNESBURG, SOUTH AFRICA

BACKGROUND
The Ninth International Conference on Deep and High Stress Mining (Deep Mining
2019) will be held at the Misty Hills Conference Centre, Muldersdrift, Johannesburg on
24 and 25 June 2019. Conferences in this series have previously been hosted in
Australia, South Africa, Canada, and Chile. Around the world, mines are getting deeper
and the challenges of stress damage, squeezing ground, and rockbursts are everpresent and increasing. Mining methods and support systems have evolved slowly to
improve the management of excavation damage and safety of personnel, but damage
still occurs and personnel are injured. Techniques for modelling and monitoring have
been adapted and enhanced to help us understand rock mass behaviour under high
stress. Many efficacious dynamic support products have been developed, but our
understanding of the demand and capacity of support systems remains uncertain.

OBJECTIVE
To create an international forum for discussing the challenges associated with deep
and high stress mining and to present advances in technology.

WHO SHOULD ATTEND
Rock engineering practitioners
Mining engineers
Researchers
Academics
Geotechnical engineers
Hydraulic fracturing engineers

High stress mining engineers
Waste repository engineers
Rock engineers
Petroleum engineers
Tunnelling engineers

For further information contact:
Camielah Jardine, Head of Conferencing, SAIMM, Tel: +27 11 834-1273/7, Fax: +27 11 833-8156 or +27 11 838-5923
E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za

Resilient futures
for mineral processing
We would like to invite you to attend the
XXX International Mineral Processing Congress in
Cape Town, South Africa from 18 to 22 October 2020.
IMPC 2020 will be hosted by the Southern African
Institute of Mining and Metallurgy (SAIMM).

THE SAIMM
IMPC 2020 will be hosted by the
Southern African Institute of Mining
and Metallurgy (SAIMM). The SAIMM
has been in existence for 125 years,
having been established in 1894 as a
‘learned society’ to support mining
and metallurgical professionals
during the emergence and growth
of the early South African minerals
industry.

XXX INTERNATIONAL MINERAL PROCESSING CONGRESS
18 - 22 OCTOBER

CAPE TOWN

SOUTH AFRICA

www.impc2020.com

Mining is of great importance to
Africa in general, and particularly
to Southern Africa. Africa accounts
for a major portion of the world’s
mineral reserves and more than
half of gold, platinum group metals,
cobalt and diamonds. Southern
Africa produces over two-thirds of
Africa’s mineral exports by value.

CAPE TOWN INTERNATIONAL
CONVENTION CENTRE
IMPC 2020 will be hosted at Cape Town International
Convention Centre (CTICC). Since the inception of the CTICC
in 2003, Cape Town has been proudly the number one
destination for conferences in Africa, according to the latest
International Congress and Convention Association (ICCA)
statistics.
Cape Town, the “Mother City”, is the oldest city in South
Africa and has a cultural heritage spanning more than 300
years. Cape Town is a modern, cosmopolitan city and is
often rated as one of the premier world holiday destinations.
The city has a large range of hotels & guest houses and
modern transport infrastructure. The city has numerous
activities & attractions, including Table Mountain, Robben
Island, Cape Point, the Castle, V&A Waterfront, world class
beaches, wine farms, nature reserves, scenic drives, hiking,
ɯǝƏǼƺɯƏɎƬǝǣȇǕًɀǝƏȸǸƬƏǕƺƳǣɮǣȇǕƏȇƳˡȇƺƳǣȇǣȇǕِ
Photo courtesy CTICC

CAPE TOWN INTERNATIONAL CONVENTION SQUARE
1 LOWER LONG STREET
CAPE TOWN 8001

