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Coal Utilization in South Africa

● 70% of primary energy consumption

● 90% of electricity generation

● 30% of petroleum liquid fuels
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South Africa said it would lower its carbon emissions to 34% below current expected levels by 2020 and about 42% below current trends by 2025.  "This 

undertaking is conditional on firstly a fair, ambitious and effective agreement," a South African government statement said. "And secondly, the provision of support from 

the international community, and in particular finance, technology and support."



Eskom’s Portfolio of Coal-Fired Stations

B. Chehroudi, PhD

Eskom is currently constructing two new coal fired power 

stations: 

• 4764MW Medupi plant in the Waterberg (to be supplied by 

Exxaro) 

• 4800MW Kusile plant in the Witbank coalfield (to be supplied 

mainly by Anglo Coal’s New Largo colliery). 

• These new power stations will use supercritical

technology. 

• Medupi is also the biggest dry-cooled power station in 

the world 

• The boiler & turbine contracts were the largest Eskom 

had ever signed. 
• Hitachi Power Africa will supply the boiler and Alstom S&E has the 

turbine contract

• Medupi, situated in the remote Waterberg coalfield, will 

not initially have flue-gas desulphurisation (FGD), while 

Kusile, located in the more densely settled 

Mpumalanga Province, will have FGD fitted upfront. 

• Both will be ―carbon-capture ready – i.e. they could 

be retrofitted at a later stage.
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Medupi Power Station

http://www.eskom.co.za/c/article/57/medupi-power-station/

http://www.eskom.co.za/c/article/57/medupi-power-station/
http://www.eskom.co.za/c/article/57/medupi-power-station/


Various Options for Cleaner Coal Utilization

B. Chehroudi, PhD
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● With Eskom and Sasol, synergy can be encouraged for  IGCC or a combined coal & biomass in  

simultaneous fuel and electricity generation (polygeneration) with lowered CO2 footprint (once-

through coal-and-biomass to liquid fuel and electricity, Princeton Univ)



NO and N2O Chemistry

B. Chehroudi, PhD

● Formed NO (at high Temperature) and N2O (at low Temp, such as in fluidized bed combustors) are then partially 

reduced to N2

● NO can be reduced by NH3, 

● N2O can be decomposed due to temperature, and also 

● NO and N2O can be reduced either directly by char or through reactions with CO catalyzed char
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Need for Improved Coal Utilization 

Technology

B. Chehroudi, PhD

● South Africa’s domestic use of coal

● Pulverized coal combustion (Eskom and Sasol)

● Fixed-bed coal gasification (Sasol)

● Grate-fired oilers (industry)

● Quality of coal

● Expected to decrease because of lower grade coal (high ash) seams 

are being mined

● Coal washing is being scaled down  because of environmental 

concerns/legislations

● Hence, improved and new coal utilization technologies are 

required in future
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Basic Research

B. Chehroudi, PhD

• Research on coal Pyrolysis, Ignition & Combustion processes

• NOx formation and reduction 

• Coal ignition phenomena through a controlled lab-scale  test setup

• Single coal particles

• Homogeneous ignition

• Heterogeneous (generally when D ~< 100 mic AND high heating rate)

• Coal clouds ( provides support for boiler design & engineering)

• Homogeneous may still be important at high heating rate when volatiles are 

pyrolyzed before ignition of coal clouds

• Tools and Diagnostics

• High-speed cam, pyrometer, etc

• Cooled sampling probe

• Laser diagnostics (LDV, LIF, etc)

• Spectrometer

• Modeling and numerical analysis 

(CFD)

• Gas analyzers (GC, etc.)

• etc
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NOx Reduction Strategy in Burners

B. Chehroudi, PhD

● Mostly from fuel-bound nitrogen and highly dependent on coal properties
● Highly reactive coals (low Fixed-C/VM ratio) & coals with low N content → Low NOx

● Staging the addition of oxygen (in air) to produce an initially-fuel-rich zone near the burner 

exit
● This will partially convert the fuel-bound nitrogen to N2

● Regulate rate of air introduction during early stages of combustion (use of multiple air zones and hardware to 

control  “mixing rates”) →
● reduces the O2 availability as coal devolatize and 

● reduces  peak flame temperatures 

● Undesired outcome: reduced flame stability and  increases unburned carbon (UBC)
● Multiple air zones make it possible to  create sufficient  swirl  (or recirculation) for good flame stability  using just s portion of the air flow

● Remainder of the air (10% to 30%) is more gradually introduced downstream  to complete combustion

● Reduction of temperature during the early stages of combustion

● Potentially additional  NOx reduction can be achieved  by adding extra HC downstream of 

the fuel  in the post-flame area (called “reburning”)
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NOx Reduction Strategy in Burners

B. Chehroudi, PhD

● Ignition chemistry
● Maximum VM release

● Optimum [m1+m2]/AVM

AVM :required airflow rate for complete combustion of VM content in coal

mc : Coal flow rate, m1 : primary air velocity, m2: secondary air flow, m3: tertiary air flow

V1: Primary air velocity, V2: secondary air velocity, V3 : tertiary air velocity

● Aerodynamics
● Maximum NOx reduction area

● Optimum relative velocity 

between fuel and air

● Optimum V2/V1

V2
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NOx Reduction Strategy in Burners

B. Chehroudi, PhD

Concept of in-flame NOx reduction. It is reduced under high 

temp and fuel-rich conditions just after the ignition point 

(Hitachi)

Low NOx DRB-4Z Burner (Bobcok & Wilcox)

● Sample industrial burners 

● Similar NOx reduction strategy

● There is plenty of room for further 

innovation in burner design
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Sub-Scale Burner Research

B. Chehroudi, PhD

● Build a modular single- or dual-burner (subscale) facility for burner studies

● Design a “new” burner based on past information and author’s ideas/experience

● Test the “new” and/or the existing (Eskom’s interest) burners  using the following tools
● Flow field visualization  (high speed imaging, etc) 

● Gas sampling and analysis

● Particle sampling & ash analysis

● Velocity field measurements using nonintrusive laser methods

● Particle field measurements 

● Computational methods

● etc

● Consider effects of the following parameters
● Coal types

● Coal particle size distribution

● Swirl intensity

● Air flow distribution

● Recirculation zone

● Heat flux

● etc
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Pilot-Scale Furnace Studies

B. Chehroudi, PhD

● Potentially feasible with collaboration 

and financial support from industry 

players (Eskom, Sasol, and others)

● Provides a unique information set  

from a combined single (or dual-) 

burner furnace  and a more realistic 

(pilot) facility

● Provides valuable information on 

scaling

● For other relevant studies (burner & 

OFA, etc)

● Facility is to be equipped with
● OFA ports

● Fuel, air and water supply system

● Flue gas & ash handling system

● Fiber optic access

● Gas sampling

● Gas and particle analysis

● Etc.
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Basic & Applied Research Roadmap

B. Chehroudi, PhD

In collaboration 

with the Eskom at 

its facilities

• Basic research on coal combustion process

• NOx formation and reduction 

• Research and development of 

fundamental technologies for low NOx 

combustion

• Laboratory scale test furnace

• Fluid dynamics

• Numerical analysis

• Pilot scale combustion test (< 100 kg/h) 

• Study of burner structure design for 

adopting the fundamental technology

• Large scale combustion furnace test 

(~3500 kg/h)

• Performance confirmation by actual scale 

burner

• Confirmation test of burner’s devices

• Field test of actual existing boiler furnace

• Performance confirmation of candidate 

burner design by actual verification

Implications for 

emission and 

efficiency 

improvements for 

existing and new 

coal-fired power 

stations
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The Ash Situation

B. Chehroudi, PhD

Density-based coal cleaning

● Coal cleaning is the key process in coal 

preparation to reduce mineral matter 

content and inorganic sulfur content

● Current commercial coal cleaning methods 

are invariably based on physical separation; 

● Chemical and biological methods tend to be 

too expensive. 

● Typically, density separation is used to 

clean coarse coal while surface property-

based methods are preferred for fine coal 

cleaning. 
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The Ash Situation

B. Chehroudi, PhD

● Density-based processes, 
● coal particles are added to a liquid medium and then subjected to gravity or centrifugal 

forces to separate the organic-rich (float) phase from the mineral-rich (sink) phase. 

Density-based separation is the most common coal cleaning method and is commercially 

accomplished by the use of jigs, mineral spirals, concentrating tables, hydrocyclones, and 

heavy media separators. The performance of density-based cleaning circuits is estimated 

by using laboratory float-sink (F-S) tests. 

● Surface property-based processes,
● ground coal is mixed with water and a small amount of collector reagent is added to 

increase the hydrophobicity of coal surfaces. Subsequently, air bubbles are introduced in 

the presence of a frother to carry the coal particles to the top of the slurry, separating them 

from the hydrophilic mineral particles. Commercial surface property-based cleaning is 

accomplished through froth or column flotation. To estimate the performance of flotation 

devices, a laboratory test called release analysis is used

● Other physical cleaning methods: selective agglomeration, 

heavy medium cycloning, and dry separation with electrical and 

magnetic methods 
● In selective agglomeration, the coal is mixed with oil. The oil wets the surface of coal 

particles and thus causes them to stick together to form agglomerates. The agglomerated 

coal particles are then separated from the mineral particles that stay in suspension 

because they do not attract oil to their surfaces. A version of selective agglomeration, 

called the Otisca T-process, was reported to reduce the ash content of some coals, 

ground to about 2 μm, below 1% with a high recovery of the heat content

● Dry methods that take advantage of the differences between electrical or magnetic 

properties of minerals and coal particles have not developed enough for commercial 

applications

● Theoretically, the efficiency of physical cleaning should 

increase as particle size decreases (because of the improved 

liberation of the mineral matter from the coal matrix). 

● Therefore, recent research on advanced coal cleaning has focused 

on improving fine-coal cleaning.

Density-based coal cleaning
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The Ash Situation

B. Chehroudi, PhD

● Patented ultrasonic coal-wash (aqueous-based or 

reagent-based) process for de-ashing (US Patent # 

4741839 and http://www.advancedsonics.com/)
● Ultrasonic vibratory energy coupled through the tray to the flowing 

slurry has a ‘‘microscopic scrubbing’’ action on all particles and 

agglomerates, breaking the surface tension on the particle, cleaning 

particle surfaces, and separating different constituent particles and 

coatings of gels, slimes, algae, clay or mud. 

● Mixtures of fine particles of coal or other valuable minerals with ash, 

clay, rock or sand particles are separated with high efficiency by 

these techniques.

● Simultaneous removal of ash and sulfur  is feasible

● Extraction of alumina from coal fly ash with 

sulfuric acid leaching method

Various reagents used to remove Ash 

and Sulfur from coal
16
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Supercritical Studies

B. Chehroudi, PhD

● New power stations in South Africa are based 

on supercritical steam

● Boiler design

● Supercritical steam turbine design and operation

● Yuda and Ayse [40] investigated the effect of 

supercritical ethyl alcohol/NaOH on the 

solubilization and de-sulfurization of lignite. 
● Supercritical experiments have been done in a 15 ml micro reactor at 245  C for 60 

min, by changing the ethyl alcohol/coal ratio from 3 to 20 under a nitrogen 

atmosphere. Increase in this ratio increased the yield of solubilization and 

desulfurization. Higher yields of extraction in the case of ethyl alcohol/NaOH

experiments may be due to the fact that alcohols can transfer hydrogen more easily 

in the presence of bases. 

● As the ethyl alcohol/coal ratio was increased from 3 to 20, the sulfur content of the 

coal decreased to 0.75%.

● Supercritical heat transfer coefficients are not 

well characterized
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Effect of Pulse Duration on Dry SWCNTs’ 

Minimum Ignition Energy

B. Chehroudi, PhD
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Carbon Nanotubes & Ignition Enhancement
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Ignition of a Liquid Fuel Droplet
Towards Distributed Ignition of Fuel Sprays or Pulverized Coal Jets from Burners

For the first time, Chehroudi et 
al. demonstrated:

● Applications of 
nanostructured materials 
in fuel ignition and 

● Ignition of liquid droplet 
via nanostructured 
materials

Accomplished by a camera 
flash using SWCNTs as ignition 
agents

B. Chehroudi, PhD

Camera Flash

Paving the way towards Distributed Ignition of  gaseous fuel-air mixture, liquid  
sprays, and pulverized coal jet from burners
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Thank you

Questions ?

B. Chehroudi, PhD 20



Technology Applications of SWNT Ignition: 
HCCI Engines

HOMOGENOUSLY-CHARGED COMPRESSION 
IGNITION (HCCI) ENGINE

NewScientist (Nov 19, 2005) The Engine of the Future

Attributes of the HCCI engine

– Highly fuel-efficient operation 

– Low emission of nitric oxides, soot, CO, and CO2 

Rationale

– Fuel-lean, homogenous fuel-air mixture, autoignition, no flame propagation, chemistry-
controlled rather than turbulence-controlled combustion

Technology barriers addressed

– On-demand autoignition of homogeneous gaseous fuel-air mixture

Chehroudi, et al., 2009.  Method for distributed ignition of fuels by  light 

sources, United Stated Patent Office, US 7,517,215 B1.

Chehroudi, et al., 2010.  Apparatus for distributed ignition of fuels by low-

energy light sources, United Stated Patent Office, Patent 7,665,985 B1.

B. Chehroudi, PhD 21

By Chehroudi, et al.



Additional Information
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NOx Reduction Strategy in Burners
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……
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Thermal NOx
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Prompt NOx
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Fuel NOx
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N2O Intermediate Mechanism
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NOx
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LNB
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Reburn
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N2O in Fluidized Bed Combustor

B. Chehroudi, PhD



NO and N2O Chemistry for Coal

B. Chehroudi, PhD

● (2): Char burning  [Field et al.]

● (6) Zeldovich (Thermal NOx):  For coal ~20% 

● (9) & (8) Fuel NOx: Found-bound nitrogen with combustion air. For coal ~ 80%

● (7) Prompt NOx  : Minor amount formed early in the combustion process through 

complex interactions of molecular nitrogen with hydrocarbon free radicals to form 

reduced nitrogen species that are later oxidized to NOx



NO and N2O Chemistry for Coal

B. Chehroudi, PhD



Distributed Ignition of a Host of Fuels

Ionic Liquid (HEHN): 

Once ignited, consumes 
all the fuel.

For the first time,  distributed ignition of fuels with nano-structured materials

List of all fuels tested:
RP-1, JP-7, AF-L-101 & AF-L-103, Acetone, Methanol, Nitromethane, 315 a, HEHN, Wax paper, 
Potassium-Chlorate (KClO3), gasoline, diesel, methane

Secured AFRL seed fund for Proof of Concept

B. Chehroudi, PhD

 

Camera Flash 

(out of field for 
subsequent frames)

Camera Flash



Nano-Structured Materials Ignition 

Experimental Setup

System capabilities: 

A microphone, oxygen jet, a pyrometer, a high-speed camera, a spectrometer, 

a digital camera, a 100 MS/s 16-channel DAQ system for additional 

measurements

SWCNT Sample 

& Substrate

Camera Flash 

& Hotshoe 

Filter Wheel

XYZ Stage

Pulse Energy 

Detector

Pyrometer

High Speed CameraSample Area 

O2 Jet FlowMicrophone

Fiber Light-guide for 

Sample Imaging 

Fiber Light-guide 

for Ignition

B. Chehroudi, PhD


