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The Global Carbon Cycle
L

Equilibrium ()
Photosynthesis .
Death & Decay .

Combustion .

Mosl of our enargy
comes from fossil Tuels
When we drive our cars
or use electricity, we are
emitting carbon dioxide
(G037 right back into the
environment.

The carbon content in
fossil fuels is very large,
making thizs emission
raleasa significant
ahough lo alter the
concentration of CO2

in our atmosphere
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Oil Formation

How Petroleum and
Natural Gas Were Formed

Tiny sea plants and animals died and
were buried on the ccean floor. Over time,
they were covered by layers of sediment and rack.
Ower millions of years, the remains were buried deeper and
deeper. The enormous heat and pressure turned them into oil
and gas.

Today, we drill down through the layers of sedimentary rock to reach the rock
formations that contain oil and gas deposits.
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Source: NEED (National Energy Education Development Project)




Oil Reservoir

Field Scale -
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Source: The Chevron Learning Center

Reservoir Scale



Reservoir Rocks

Highly Porous Sandstone Tight Gas Sandstone
(porosity = 0.39) (porosity = 0.05)

X-ray CT Images

Image Source: ingrainrocks.com



Natural Gas Formation

Oilfigas window Depth {km) | Temp (°C) :i:;:::t?o " g:‘::e"‘sr:““
E — 1 430°C Diagenesis
—— Kerogen — Shale, Sedimentary Rock with
Organic Matter (Kerogen)
—160°C [~0.5

=1 90°C
Katagenesis

—1120°C - 1.2 —

—150°C |- 2.0

Metagenesis

.‘ .
HC generation “Wet” Gas i1s More Valuable




Where Is Natural Gas Found?

B
Traditional Natural Gas

e Oill wells (associated gas ~21% in the U.S.)
 Gas wells (55%)

“Unconventional” Natural Gas
e Shale gas (16%)

e Coalbed methane (7%)

e Tight gas

e (Methane hydrates)



Natural Gas Drilling

Unconventional

Conventional
||

GAS/SOURCE ROCK
(SHALE, COALBED METHANE)

Source: Worldinfo.org



Coal Formation

Primordial Swamp

Image Source (top): U.S. Department of Energy & Kentucky Geologic Survey
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U.S. Coal Distribution by Age

GEOLOGIC AGE OF COAL OF THE UNITED STATES

e |
N
'|"|, .h"'-\. .
1 b g
ot i
N
. _“{
Lertinry e

Tertiary - Crelaceons

| Crealaceoss

Source: USGS

Jurazsic

Triazsic

, . . G 0 B0 1000 MILES
Pennsylvanian and Penmian I : ; ; y
Mississippian s o H0 1000 EILOMETERS

‘Whurg eaal of more thro one rge growp is presind, thy age showm §< thet ol the vaal nierces! the: =orfics Bl SCALE 1 - 25 000,000




Coal Seams
B

Often Multiple Seams
— Different depths

Thickness

— Varies by location and often
rank

Mineral Deposition

— From original biomass
— During swamp stage
— Post coal formation

Sulfur

— Additional deposition possible




Basic Coal Quality
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Mercury, Arsenic, etc
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Heating Value Variation
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Source: USGS
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Proximate Analysis Variation
B

l..l
MOoA T

MAXIMUM CALORIFIC VALUES OF COALS OF DIFFERENT RANKS

COMPARED TO PROXIMATE ANALYSIS DATA Source: USGS

Proximate Analysis (100%) = Moisture + Volatile matter + Ash values + Fixed carbon



ASTM Method of Coal Classification
Classification of coals by rank

Class and group Fixed carbon  Volatile matter Heating value
(% P (%R (BTU/1bp

I. Anthracite
1. Metaanthracite =08 <2
2. Anthracite 9298 2-8
3. Semianthracite 3692 3-14
II. Bituminous
1. Low volatile 1422
2. Medium volatile 22-31
3. High volatile A =31 =14 000
4. High volatile B 13,000-14 000
5. High volatile C 10,500-13 000
I11. Subbituminous
1. Subbituminousz A 10.500-11 500°
2. Subbituminous B 9 500-10_ 500
3. Subbituminous C 3 3009 500
IV. Lignite
1. Lignite A 6 300-8 300
2. Lignite B b 300

adry-mineral-matter-free basis Pmineral-matter-free, moisture-containing basis;
4f it does not agelomerate.




SEALE 4:5,000,
Rpprevieals it bk 12 0 ibea
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Source: USGS

EXFLANATION
Anthracila. samianihracile, Subbituminaus.
meta-anlteacile
Lows-alatie bituminous Lignita
Bechume and high swaladile Red points indicabe coking coal
btuminous

Diashad black lines mdicals uncerain boundanies
Drashed palow lings dalnaale genaral provines boundanes

D ol respresents arsas known b contain coal beds thal are of
oarrnercial vake &l lhe presenl lime or thal mey be ol valee
Tutura. e genaral the minimum 1hcknessas included ara 14 inches for
anlfiwacile and biluminaus coal, and 30 nches for subbiluminous coal
and ko,

Lighl color represents areas ol doubliul value for coal. Thess may
b divicked inlo three classss- (1) araas containing thin o ireoular bads,
which ﬁteuarallg hae littke or no value, bul which locally may be hick
ancugh io mene, (2) aras in which the coal & poor in guality, snd (3]
araas whare information on (he thickness and qualily of coal beds s
eager of lacking.



GLOEBAL COAL DISTRIBUTION
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Macerals in Coal

B
Organic Components in Coal

e T L T = » Sl o

e Coalis complex
‘ e Macerals influence behavior:
i — Combustion
— Coke properties
— Liquefaction
— Coalbed methane
— Sequestration

B o — International Trade
Source: USGS Opportunities, etc.
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Vitrinite

Liptinite - Sporinite, Cutinite, Resinite
Inertinite - Fusinite, etc.

Inorganic — Clays, Pyrite, Other Minerals



Carbonate minerals

Calcite
Dolomite

Minerals Found in Coal s

. . . Barite
Inorganic Components in Coal: Mineral Gypsum
. - Anhydrite
bands, Discreet minerals, Trace elements, Bassanite
: thhi : Jarosite

Minerals within biomass T
Rozenite

List of mineral matter identified (after Gluskoter et al., Melanterite
Coquimbite

Mineral Roemerite
Mirabiliie

Cliy nrinerals Kieserite

Momtmoritlonite ALSTHOH(OHR HyO Sidercnatrite

Mite-sericite KAL(AISi;01)(OH), Chioride miinerals

Kaolinite Al51,04,(OH)yg Halite

Halloysite AlySi,04(OH)g Sylvite

Chiorite M"-A“f’ils%‘:}m)@mﬁ Bschofite

(prachiorite, penninite)
Mixed-laver clay
minerals

Sulfide minerals

Pyrite Fe3,
Marcasite FeS.
Sphalerite Zn5
Galena Pbs
Chalcopyrite CukeS;
Pyrrhotite Fa_ 8
Arsenopyrite FeAsS
Millerite NiS

Ankerite

CaCOy
(Ca, Mg)CO,
FeCO;4

(Ca, Fe, Mg)CO5

{Ferroan dolomite)

Witherite

Sulfate minerals

Silicate minerals
Quartz
Biotite
Zircon
Tourmaline
Garnet
Kyanite
Staurolite
Epidote
Alkite
Sanidine
Orthoclase
Augite

BaCOg,

BE!.SO,-I

Ca50; 2HA0

CaSO,

CaS0,y 1/2H,0

(Na, K)Fex(S0)HOH),
FeSQ, HLO

FESDJ -IHﬂ:D

FeSO, 7H,0

Fea(S0), IH0

FE‘SD_} FE?ESD4 k! lﬁHED
\Iﬂ'}SD 1gH10

MgSO, H.0O™
7Na10 FE?OJ 450'; ?H':-D
NaCl
KCl
MgCly 6H,0
$i0,

K(I\-‘Eg, FE]'a_{AISiaD] ;];'{DH)?_
7rSi0,
NﬂfMg, Fe)a Al (BO3 551,05 (OH),
{FE, Ca, Mg}:ﬂ:f:\] ; F¢}3(510,1}3
.Al-.uSlD-
Al IFESI-':Dm{DH}&
Cas(Al, Fe)s5i,0,(0H)
NaAESqu
ICIJLISl.:;Ds
KAISi;Oy

Ca(Mg, Fe, AD(AL 510,



Sulfur and Calorific Value are Important

Mean Total Sulfur and Calorific Values of Raw Coal Samples by Major Coal Regions in the U.S.,

Shown in Relation to Emnvironmental Protection Agency Compliance
Green Line Indicates 1.2 pounds sulfur dioxide per Million BTU Input

4.0
WESTERN REGION

INTERIOR PROVINCE

* o EASTERN REGION
INTERIOR PROVINGE
30

MORTHERM
APPALACHIAN
HEGIOM

20 U.S. AVERAGE

CEMTRAL
APPALACHIAN
GULF FORT UMICH SAN JUAMN RIVER BEGIOMN
PROVINCE LIGNITE BEGION s ___SOUTHERN
- REGION . APPALACHIAN
- REGION

RATON MESA REGION

PERCENT SULFUR BY WEIGHT

1.0

« FOWDER RIVER REGIOMN

b CHH) . CEH) ¢ CKHD B CHE 3 H) 11, KKl 11, CKHD 12, 5Kl 13, K] 14, O{H} Btu"rl—h ':I'f Ctlﬂ|
(11.71 (14.00) (18.3) (18.7) (21.00 (23.3) 25,6 28.0) (30.5) e (MPKg of coal)

CALORIFIC VALUE Source: USGS




What is Coal Preparation?
S

e The conversion of run-of-mine coal into a marketable
product

 Requires knowledge of the raw coal properties as related
to particle behavior during processing

* Involves the development of an appropriate circuit to
produce the marketable coal

* Achieves key objectives of coal processing:
— Liberation of impurities from the coal
— Separation of the coal from the impurities
— Production of a uniform quality product

* Incorporates environmentally sound waste disposal
Including water recycle




Impact of Clean Coal
L .
 Reduced Transportation Bulk

 Lower Coal Burn Rate

 Decreased Ash Loading

» Altered Ash Slagging/Fouling
 Reduced Desulfurization Requirements

 Improved Fuel Uniformity



Coal Components

E

Component Specific Gravity
e Bituminous Coal 1.25-1.35
 Bone Coal (high ash) 1.4-1.7
 Carbonaceous Shale 1.6-2.2
« Shale and Clays 2.0-2.6

e Pyrite 4.8-5.2



Generic Steps of Coal Processing

 Characterization
— Size and density fractionation, coal analyses

e Liberation
— Size reduction

e Separation
— Gravity concentration, flotation

e Disposition
— Dewatering, material handling



Coal Preparation Operations

E
* Reducing particle size by crushing

* Preparation of coal into appropriate size ranges depending
on devices and products

 Removing “ash” (mineral matter) and sulfur (inorganic)
« Dewatering (washed coal) and drying (low-rank coal)

Coal Preparation Plant

Source: Library of Congress

..' | Source: OSHA




Levels of Cleaning

 No Washing
Size reduction only
Coarse Coal
+1/2 In material
Coarse + Intermediate Coal
+1/2 In, -1/2 In +1 mm material
Coarse + Intermediate + Fine Coal
+1/2 In, -1/2 In +1 mm, -1+0.15 mm material

Coarse + Intermediate + Fine + Ultrafine Coal
+1/2 In, -1/2 In +1 mm, -1+0.15 mm, -0.15 mm material




Size Reduction and Sizing

Coarse

Fine

3]
4
N
3
N
N

* Crushing/sizing of feed coal (-4 in)

» Crushing after coal cleaning (-1.5 in)

* Pulverizing for PC combustion (-0.075 mm)
* Grinding for fluidized-bed combustion

e Grinding to various sizes for coal gasification

Source: Library of Congress



Coal Cleaning - Wet Processing

[
e Coarse Coal

— Dense-medium vessel
— Jig (also dry-cleaning version)

* Intermediate Coal
— Dense-medium cyclone
— Dry cleaning table

e Fine Coal
— Spiral concentrator
— Concentrating table
— Other (autogenous cyclone, teeter-bed column, etc.)

e Ultrafine Coal
— Flotation



Coarse Coal

raw coal

clean coal
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Intermediate Coal
0

Raw Coal +
Dense-Medium Slurry

Refuse

Dense-Medium Cyclone

Slurry enters under
pressure

Increases number of g’'s

Improves separation of
finer particles



Fine Coal - Spiral Concentrator

* Flowing-film separation

« Several cuts of coal qualities




Fine Coal - Concentrating

e

o
o @ O Low gravity minerals

o @ Middling
0 @ High gravity minerals



froth collection
=
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Source: Advanced Coal Cleaning Technology, IEA



Coal/Refuse Dewatering

and Water Reuse
.

e Screening
— Coarse/intermediate/fine coal/refuse

e Centrifugation
— Intermediate/fine/ultrafine coal

 Filtration
— Vacuum filter (fine/ultrafine coal)
— Pressure filter (ultrafine coal/refuse)

e Sedimentation
— Thickener (ultrafine refuse)
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Centrifuge
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Vacuum Filtration

Dewatered
Coal

Drum Filter






Pressure Filtration

Dewatered Refuse M
’ Tt -"ET“‘-""" v Ay
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Plate Filter

. A Recovered Water (Filtrate)



Thermal Drying

Exhaust
Wet Coal
[Mwor
AR
INLET
Dry Coal

Great River Energy's Coal Creek Station in
Underwood, Morth Dakota.

Rotary-Type Dryer



Mechanical Thermal Expression
—

Lignite-Water Interactions

Water
removed to
illustrate pore
volume

Porosity
= 45.4%

m_ MONASH Unevarsm,

CLENM FOWVIH BN LEFTE

Image source: Dr. Alan Chaffee Monash University

Lignite (Australian) can be
60% water by mass

Evaporate the water (large
energy input required)

Compress the coal
removes liquid water



Briquetting, Pelletizing, etc.

B
Briquetting

Disk Pelletizing

finzl pellsis ;

iced - :
— product =&

Roll and Die Pelletizing

Extrusion

iead axirudalas

Source: G.R. Couch, IEA Coal Research



Coal Blending

Source: Utah Geologic Survey

Producing a uniform feed
coal

Meeting environmental
mandates

Achieving an appropriate
quality of coke

— 20 or so coals may be
blended



Advanced Coal Cleaning

Advanced physical coal
cleaning

Bio-desulfurization

Chemical coal cleaning

e / ///:’7/ H/ .
@ Thiobacilus erroosidans Not economic currently

FeS, ® Fe’™ SOF
* Fe' & Fei~

A  FeS; + Fe'  m Fe?™ SO%

Source: G.R. Couch, Advanced coal cleaning technology,
1991, IEA Coal Research
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