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Coal Utilization in South Africa

Figure 1:
South African major coal fields
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0 70% of primary energy consumption
0 90% of electricity generation
0 30% of petroleum liquid fuels

Figure 2: Share of production:
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Figure 3: Coal use in South Africa (excludes exports)
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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.”



Eskomodos Por tHraaStations o

Eskom is currently constructing two new coal fired power Table 6: Eskom’s Coal-fired Power Stations: 2009
Stanons Power station Location MW . Pqincipall_
Arnot Middellhurg 2040 OaE:ng:g =
Camden Ermelo 1440
- 1 Duvha WWithank 3450 BHF Billiton
A 4764MW Medupl plant in the Waterberg (to be supplied by Grootvlei Balfour 760
1200)

A Exxaro) _ _ _ i Hendrina Fendrina U BHP Billfon
4800MW Kusile plant in the Witbank coalfield (to be supplied <enda Mﬁggﬁﬂg Sggg.: EHF Billiton
mai nly by Angl o Coal 6s New Largo colliery)l Kriel Bethal 2850 Anglo Coal

y - - Lethabo Sasolburg 3558 Anglo Coal

A These new power stations will use supercritical Viaiuoa Volstus e _

A technology. . P T Sangeron 3510 | g Coa
Medupl 1S aISO the blggeSt dry-COOIed power Stat'on In {Bracketed data }jfd;::':miiﬁ:;!:;Z:;;if:?ﬁg;jg}izﬁurred to service)

the world
A The boiler & turbine contracts were the largest Eskom

he}g ever signed.
Hitachi Power Africa will supply the boiler and Alstom S&E has the
turbine contract

A 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.

A Bot h wichrlbon-daeture ready i i.e. they could
be retrofitted at a later stage.

Medupi Power Station

http://www.eskom.co.za/c/article/57/medupi-power-station/ 3
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Various Options for Cleaner Coal Utilization
Near-zero emissions ,C::fgson
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0 With Eskom and Sasol, synergy can be encouraged for IGCC or a combined coal & biomass in
simultaneous fuel and electricity generation (polygeneration) with lowered CO, footprint (once-

through coal-and-biomass to liquid fuel and electricity, Princeton Univ)
4



NO and N,O Chemlstry

NO reduction:

NO+NH; +!02-5 N, + 'H,0

NO+INH; - N, +H,0

NH; ——¥

NO + Char — !N, + CO

NO +CO - !N, +CO,
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Char =N +:(): -»—=CNO ,-7 . N,O reduction:
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- I .
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-CNO +NO - N,0+CO, N,O+CO - N, +CO,

0 Formed NO (at high Temperature) and N,O (at low Temp, such as in fluidized bed combustors) are then partially
reduced to N,

0 NO can be reduced by NH;,

0 N,O can be decomposed due to temperature, and also

0 NO and N,O can be reduced either directly by char or through reactions with CO catalyzed char
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Need for Improved Coal Utilization
Technology
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0 Pulverized coal combustion (Eskom and Sasol)
0 Fixed-bed coal gasification (Sasol)
0 Grate-fired oilers (industry)

0 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

O¢

O«

0 Hence, improved and new coal utilization technologies are
required in future

B. Chehroudi, PhD 6



Basic Research

Research on coal Pyrolysis, Ignition & Combustion processes
NOXx formation and reduction

ﬂCoal ignition phenomena through a controlled lab-scale test setup

ASi le coal particles
omogeneous ignition
eterogeneous (generally when D ~< 100 mic AND high heating rate)

AC(:&_(I:Iouds ( provides support for boiler design & engineering)
omogeneous may still be important at high heating rate when volatiles are

pyrolyzed before ignition of coal clouds

—=] Cyctone | —=[Blower |
i\To s and Diagnostics verized coal » primary ar
High-speed cam, pyrometer, etc oponares | £ Hot surrounding gas
Cooled sampling probe 8 1o v saquare)
Laser diagnostics (LDV, LIF, etc) i beae ﬁ:‘;:::.?:"’”mm o,
Spectrometer ;
Modeling and numerical analysis Gonerdamete. 7). >
(CFD) 1
ﬁGas analyzers (GC, etc.) iy
etC primary air Fire brick
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NOx Reduction Strategy in Burners

0 Mostly from fuel-bound nitrogen and highly dependent on coal properties
0 Highly reactive coals (low Fixed-C/VM ratio) & coals with low N content A Low NOx
0 Staging the addition of oxygen (in air) to produce an initially-fuel-rich zone near the burner
exit
0 This will partially convert the fuel-bound nitrogen to N,
0 Regulate rate of air introduction during early stages of combustion (use of multiple air zones and hardware to
contr ol AMi Xi ng rateso)
0 reduces the O, availability as coal devolatize and
0 reduces peak flame temperatures
0 Undesired outcome: reduced flame stability and increases unburned carbon (UBC)
0  Multiple air zones make it possible to create sufficient swirl (or recirculation) for good flame stability using just s portion of the air flow
0 Remainder of the air (10% to 30%) is more gradually introduced downstream to complete combustion
0 Reduction of temperature during the early stages of combustion
0 Potentially additional NOx reduction can be achieved by adding extra HC downstream of

the fuel inthe post-f | a me ar eraburfirg@) | ed

B. Chehroudi, PhD 8



NOXx Reduction Strategy in Burners

0 Ignition chemistry /
0 Maximum VM release

A
6  Optimum [m;+m,)/Ay, Min. K

NOx

Igniti |}: i
J  memian ; fone i
m, Design Point i : i
9 ; N | | i
O Aerodynamics 1 Max. PR :
3 ] 4 T Area ; i :
0 Maximum NO, reduction area /// ™~ Vs : ;
e . . . Voo T 1
0 Optimum relative vglocﬂy / N — A e . P 5
between fuel and air . >\ v, ._.," | (HCN + NOX3N,+...) :
In. = ] T
0 Optimum V,/V 7 :
P al NOx Ignltlm] Reduction Char Burmng
/ VoV Zone ! Zone ™ Zone
1 [
Vs Design Point

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

m, : Coal flow rate, m, : primary air velocity, m,: secondary air flow, mj: tertiary air flow

V,: Primary air velocity, V,: secondary air velocity, V5 : tertiary air velocity
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NOXx Reduction Strategy in Burners

Pulverized / ’_\
coal and

primary air
] L A J B (5]
) Rapid ianition In-flame Oxidation
Secondary and ( rE Aictin oF NOx reduction
tertiary air P (high temp.

reducing species) 2
& Spe reducing flame)

+0, tHC
N —NO NO —— NH
NO

NH — N,

NOx

Conventional

In-flame NOx reduction

Axial distance

Concept of in-flame NOXx reduction. It is reduced under high
temp and fuel-rich conditions just after the ignition point
(Hitachi)

(@4

Sample industrial burners
Similar NOx reduction strategy

There is plenty of room for further
innovation in burner design

O« O«
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Deavolatiszation
Zone

Ignitor Swirler Oxidizing

Zeone

Tt

Pulverized 4 Primary
Coal  Air

Secondary
Air

NOx Reduction
Zane

Example of an advanced low NO, burner.

Source: IEA Hydrocarbon Radical

Generation Zone

A.Oxygen lean devolitilization

B. Recirculation of products

C. NOx reduction zone

D. High temperature flame sheet

E. Controlled mixing of secondary combustion air
F. Burnout zone

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

0 Build a modular single- or dual-burner (subscale) facility for burner studies
0O Design a nmawedbwmnemrmast information and

0O Test the Anewo and/or the existing (Eskol
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

0 Consider effects of the following parameters
0 Coal types

Coal patrticle size distribution

Swirl intensity

Air flow distribution

Recirculation zone

Heat flux

etc

O« O« O« O« O« O« O«

O« O« O« O« O« O« O
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Pilot-Scale Furnace Studies

O«

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)

O«

O«

O«

O«

Facility is to be equipped with
0 OFA ports

Fuel, air and water supply system
Flue gas & ash handling system
Fiber optic access

Gas sampling

Gas and patrticle analysis

Etc.

O« O« O« O« O« O« O
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Real Models = Real Results (CS 108 & CS 112)

1/12 scaled replica of the
combustion air & FGR system
for a 330 MW Utility Boiler

in Northern California

24 Bumers & 12 Over Fire
Air (OFA) Ports

FGR supplied by 4 airfoil
spargers

Improved airflow distribution
from +/- 16% to +/-7.5%

Increased FGR flow by 5%
Increased OFA flow from 8 to 12%

» Along with the new Dynaswirl-LN burners this reduced NOXx from 73 to 36 pp
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Basic & Applied Research Roadmap

A Basic research on coal combustion process 2)
A NOx formation and reduction

Research and development of

fundamental technologies for low NOx Implications for
combustion emission and
Laboratory scale test furnace efficiency
Fluid dynamics Improvements for
Numerical analysis existing and new
coal-fired power
F I I I I I I I I I I I I I =]
I A Pilot scale combustion test (< 100 kg/h) stations
A Study of burner structure design for
adopting the fundamental technology I J
L | I I I I I I | I | I I I —_— \
A Large scale combustion furnace test
(~3500 kg/h)
A Ejrr;(;rrmance confirmation by actual scale e b tich
A Confirmation test o 1 k>umr }Nlt%lth%'lés\l;qmcates
its Tacilities
A Field test of actual existing boiler furnace
A Performance confirmation of candidate
burner design by actual verification y

B. Chehroudi, PhD 13



The Ash Situation

b ] D.M. BATH

O Coal cleaning is the key process in coal 141 |
preparation to reduce mineral matter L L —
content and inorganic sulfur content =2

3 . :

0 Current commercial coal cleaning methods | [ |
are invariably based on physical separation; BRI i

Figure 1. Preferred size ranges of feeds to major coal cleaning de;'-IZes

0 Chemical and biological methods tend to be . o 5 |

too expensive. r i ,, 1
D.M. C YCLONE | : 5
| BT |

0 Typically, density separation is used to § e
clean coarse coal while surface property- ? — |
based methods are preferred for fine coal e A
cleani ng. Figure 2 Typical efficient separating gravity ranges

B. Chehroudi, PhD

Density-based coal cleaning
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The Ash Situation

0 Density-based processes,

0 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.

0 Surface property-based processes,

0 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

0 Other physical cleaning methods: selective agglomeration,
heavy medium cycloning, and dry separation with electrical and

magnetic methods

0 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 em, 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

O«

0 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).

0 Therefore, recent research on advanced coal cleaning has focused
on improving fine-coal cleaning.

B. Chehroudi, PhD
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Figure 1. Preferred size ranges of feeds to major coal cleaning devices
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Figure 2 Typical efficient separating gravity ranges

Density-based coal cleaning
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The Ash Situation

0 Patented ultrasonic coal-wash (aqueous-based or
reagent-based) process for de-ashing (US Patent #
4741839 and http://www.advancedsonics.com/)

w

(0]

O«

Ultrasonic vibratory energy coupled through the tray to the flowing
slurrymhasoac 0 Pi cactercon alllpdrticles @anid 6
agglomerates, breaking the surface tension on the patrticle, 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

0 Extraction of alumina from coal fly ash with
sulfuric acid leaching method

B. Chehroudi, PhD

Table 2.1 Various reagents used (0 remove g

ash and sulfur from coal

Author Reagents used Time Sulfur and or ash removal

Steinberg et al. [20]. Oy and O, Th Using a flow rate of 200 ml/min,
1% O at 25 °C, 20% sulfur
removed

Aarya et al. [21] NaOH 8h Using 104 n’ NaOH at 80 °C,

Chandra et al. [22].  Atmospheric
oxidation

Krzymien 23] Aqueous CuCly

Chaung etal. [24]  Combination of
dissolved oxygen
and alkalis
NaHCO,,
NazCO; and
Li,CO,

Yang et al. [25] NaOH

Kara and Ceylan Molien NaOH at
[26] different
temperatures

Ahnonkitpanit and
Prasassarakich
1271

Aqueous H;O; and
H,S0,

Ozdemmir et al. [28] Chlorine in
CCly + HO

Ali et al. [29]

arakich and
weesri [30]

Sodium benzoxide

106 days

48 h

1h

60 min

30 min

6h

30 min

90 min

44% sulfur removed (36% organic
sulfur removal)

Using 10 ml of 10% (vol) CuCl; at
200 °C, 100% sulfur removed

0.2 M alkali solution with 3.4 atm
O, partial pressure at 150 °C:

Nu,COy: 72% of sulfur removed

LizCO5: 73.1% of sulfur removed

At 0.4 M NaHCO3: 77% of sulfur
removed

Using 10 wi% NaOH at 250 °C:
55% sulfur removed (95%
pyritic and 33% organic sulfur
removed)

Using 20 wi% NaOH at 450 °C:

83.5% sulfur removed

91% ash removed from Dadagi
lignite

Using 15% Hy05 and 0.1 N H,50,
at 40 °C:

removed (97%
ulphate and 7.1%
ur removed)

oved
33 Vmin chlorine flow
nbient temperature and

ind sulfate sulfur
removed and 30% organic
sulfur removed

15% ash reduced

50-90% of sulfur removed,
depending on concentration
and solvent

50-55% of mineral matter
removed, depending on
concentratic solvent

Using 600 ml sodium benzoxide at
205 °C. 45.9% sulfur removed
(83.7% sulphate, 68.6% pyritic,
33.3% organic sulfur removed)

Table 2.1 (continued)
Author Reagents used

Time

(continuedy

Sulfur and or ash removal

Rodriguez et al. [31] HNO,

Hamamei et al. [32]  Acidic Fe (NO3)s.

9H.0

Aacharya et al. [33]  Thio-bacillas ferro-
oxidants

Mukherjee and
Borthakur [34]

Hy0, & HyS0,

Ratanakandilok
et al. [35]

Methanol Awater and
methanol/KOH

Sonmez and Giray Peroxy acetic acid

[36]

Aucharya et al. [37]  Aspergillus
Baruah et al. [38]  Water

Liu et al. [39] Aeration + NaOH,

12h

30 days

4h

90 min

72h

10 days

120 h

5h

Using 20% HNO, at 90 °C, 90%
inorganic and 15% organic
sulfur removed

Using 50 ml of 1 M solvent at

) °C, 72.2% sulfur removed
(96.6% pyritic sulfur removed)

91.81% sulfur removed from
lignite

63.17% sultur removed from

polish bituminous coal

9.41% sulfur removed from Assam
coal

Using 15% (vol) H0, and 0.1 N
H,80,: 45% of total sulfur
removed (complete removal of
inorganic sulfur and 31%

organic sulfury

47% pyritic and 42%

sulfur removed)

24% ash removed

45% sulfur removed from Gediz
lignite

85% sulfur removed from
Cayirhan lignite

78% sulfur removed with 2% pulp
density

77.59% pyritic sulfur removed
with agueous leaching at 45 °C

Using 0.25 M NaOH at 90 °C with

weration rate of 0.136 m'/hr

nd 0.1 N HCl solution

73% organic sulfur removed

83% sulfide sulfur removed

84% pyritic sulfur removed

Various reagents used to remove Ash
and Sulfur from coal
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Supercritical Studies

O«

New power stations in South Africa are based
on supercritical steam a
0 Boiler design

W

0 Supercritical steam turbine design and operation
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Yuda and Ayse [40] investigated the effect of
supercritical ethyl alcohol/NaOH on the
solubilization and de-sulfurization of lignite.

0  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.

.. REVERSIBLE SUPERCRITICAL STEAM CYLE

0 As the ethyl alcohol/coal ratio was increased from 3 to 20, the sulfur content of the WITH DOUBBLE REHEAT
coal decreased to 0.75%.

Supercritical heat transfer coefficients are not
well characterized

O«
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Carbon Nanotubes & Ignition Enhancement

Effect of Pulse Duration on Dry

Minimum Ignition Energy

1000

o

-+ 100

. 10

Q
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Energy Flux for all
laser studies in coal
particles were greater
than 800 W/cm?

Energy Flux for

100 1000 10000

Flash Pulse Duration, [microsecond]
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carbon nanotubes is
at 20 W/cm?, which is
more than 40 times
less required intensity
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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:

0 Applications of
nanostructured materials
_ Infuel ignition and

O Ignition of liquid droplet
via nanostructured
materials

Accomplished by a camera
flash using SWCNTSs as ignition
agents

Paving the way towards Distributed Ignition of gaseous fuel-air mixture, liquid
sprays, and pulverized coal jet from burners
19
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Thank you

Questions ?
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