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Welcome & Good Morning!

Objective:

To deliver a basic understand of coal 
and it effects on the environment
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In the immediate future the electric power industry 
needs to meet tightening air quality emission limits 
without significantly reducing availability or 
derating existing generating units… How?

Fuel switching?

Fuel blending? 

Cofiring?

Precombustion coal treatment?

Combustion treatment?

Post combustion treatment?

Magic?
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Fuel Switching

Back-end Flue Gas Clean-up
SCR, SNCR, amine scrubbers, sorbent injection, flue gas 
additives

Capital intensive, increased O&M, possible loss of MWn

Pre-combustion and Combustion Clean-up
Combustion tuning, advanced boiler controls, LNOx burners,  
OFA, 
µ-pulverized coal, advanced coal cleaning, MagMill®, PepTec®, …
Immature or non-power generation technologies

ClearStack®, Phenix, Oxygen Enhanced Combustion (OEC), 
Coal-Water Slurry (CWS), …

Fuel additives, combustion additives,
Less capital than back-end clean-up
Back-end clean-up still required, but as a polisher; therefore 
smaller installations
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Fuel Switching

Only some users can benefit
Issues

Transportation logistics or costs
Plant reliability
Unacceptable O&M
Unfavorable fuel economics
May rerate unit
Fuel availability

Low-rank coals (lignite, subbituminous [PRB], 
mid-vol coals, international coals

Off-design fuels, equipment constraints
Coal handling flexibility
e.g., PRB coals — pulverizer capacity, coal fineness, 
fan capacity, firebox size, emissions control equipment, 
tube spacing, number of sootblowers, sootblowing air 
capacity, sootblowing frequency vs. tube erosion
Cofiring — biomass, gas, oil, synfuels (gas, oil, coal), 
waste coals (~4-5 B-tons), waste oils
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Fuel Blending

Often an economic and performance compromise
Usually decreases delivered fuel cost relative to 
original fuel ($/MBtu)
Usually increases fuel cost relative to fuel 
switching (e.g. 100% PRB)
Reduces O&M relative to fuel switching
Reduces derates relative to fuel switching
Adds another fuel to coal handling
Near homogeneous blending is very critical
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Unfortunately, none of this can be fully evaluated unless 
basic coal science is understood.  Without this 
understanding:

Operators make bad-decisions
Engineers over/under engineer the design
Management may be lead in the wrong or less than 
optimum direction
Regulators interpret laws based on a the lack of 
knowledge of what can/cannot be done
Lawmakers make laws not based on science, but on 
pseudo-science and inaccurate information from biased 
lobbyists and staff members
Overseers make reactive statements and misinform the 
public
Public is given either incorrect or only partially correct 
information and react accordingly



10 August 2006 8

““Coal and the EnvironmentCoal and the Environment”” —— 2006 APC Round Table & Expo2006 APC Round Table & Expo

What do we need to know before we can control 
emissions to the environment …

We must understand basic combustion

We must understand how pollutants are formed

Let’s start with the basics …

What is coal?
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Hypothesized Coal Structures
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Definitions of Coal
A brown or black combustible sedimentary rock (in 
the geological sense) composed principally of 
consolidated and chemically altered plant remains.
(ASTM D121)
Coal is a rock, a sediment, a conglomerate, a biological fossil,
a complex colloidal system, an enigma in solid-state physics 
and an intriguing object for chemical and physical analyses 
(van Krevelen)

A solid, brittle, more or less distinctly stratified 
combustible, carbonaceous rock
A black, inhomogeneous, organic fuel formed largely from 
partially decomposed and metamorphosed plant materials
The natural, rocklike, brown or black derivative of forest-
type plant material, usually accumulated in peat beds and 
progressively compressed and indurated until it is finally 
altered in graphite or graphite-like material
Coal is a chemically and physically heterogeneous, 
“combustible,” sedimentary rock consisting of both organic 
and inorganic material (Miller)
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Coal
– Black (or brown, gray)
– Burns (usually with difficulty)

Age & Geology
– 20 million – 325-250 million years

Peat1PleistoceneQuaternary

Lignite/Sub-Bituminous
Lignite
Lignite

60
40
20

Eocene
Oligocene
Miocene

Tertiary

Bituminous
Bituminous
Sub-Bituminous/Bituminous

180
150
100

Triassic
Jurassic
Cretaceous

Mesozoic

Anthracite
Carbonaceous/Anthracite

250
210

Carboniferous 
Permian

Upper 
Paleozoic

Class
Approximate 

mean age
(106 years)

PeriodEra

Coalification
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Geological Ages — Coal & Lignite

•
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Coalification Process
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Recoverable Coal Reserves
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US Coal Resources & Reserves
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Coal Deposits in the USA
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Electricity Production by Fuel Source
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Typical Coal Analyses

Proximate
Moisture, ash, volatile, fixed carbon, sulfur, HHV
SO2, ash load, volatile/fixed carbon

Ultimate
C, H, N, O in the coal maceral

Ash Mineral (oxides of major elements)
Acids: Si, Al, Ti
Bases: Fe, Ca, Mg, K, Na
Minor: S, P, Ba, Sr, Mn
Base/Acid
ESP Index

Ash Fusion
Oxidizing & reducing atmospheres
Initial deformation, spherical deformation, 
hemispherical deformation, fluid
Plastic range & fusion box
Eutectics

Trace Elements



10 August 2006 19

““Coal and the EnvironmentCoal and the Environment”” —— 2006 APC Round Table & Expo2006 APC Round Table & Expo

PRB MT-CROM

Energy Sink –
Energy Sink –

Energy Source +
Energy Source +

V/FC                                                            0.84                        
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––
++

Pittsburgh Seam-Washed

Energy Sink –
Energy Sink –
Energy Source +
Energy Source +

V/FC                                                            0.63
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PRB-WY CROM

Energy Sink –
Energy Sink –
Energy Source +
Energy Source +
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CApp hvAb
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CApp hvAb
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Coal Characteristics

Its Properties & Effects
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Coal

Mechanical combination of coal + mineral matter

Coal Matrix (bark, sap, leaves)
Complex aromatic hydrocarbon
C, H, N, O, S, …
Hydrophobic (rejects water)

Mineral Matter (ash)
Mostly minerals of the following oxides

Si, Al, Ti, Fe, Ca, Mg, K, Na,  S, P, Ba, Sr, Mn, Cl, + …
76 of the first 92 elements

Hydrophilic (accepts water) 
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Coal Rank
Bituminous

“Eastern” — Appalachian (eastern KY, WV, PA, OH, MY, VA, TN, AL), 
Illinois Basin ( IL, IN, western KY) , CO, UT, NM + others
Typical classifications

Low Sulfur (<1.67 lbs SO2/MBtu)
Mid-Sulfur (<3 lbs SO2/MBtu)
High-Sulfur (>3 lbs SO2/MBtu)

Subbituminous
Western
PRB: MT (high Na, moderate Ca), WY (low Na, high Ca)
Other (Hanna River, Green River, Big Horn regions, etc.)

Other Ranks
Meta-anthracite (PA, UT),↑
Anthracite (PA, UT),↑
Lignite↓ (ND, SD, NE, OK, TX, MT, AL, MS)

In Germany called “Brown Coal”, now classified as Lignite B
Peat, ↓↓ (Ireland)
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ASTM D388 Classification of Coals by Rank
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3394Anthracite

10585Bituminous

20575Subbituminous

25570Lignite

34660Peat

44749Wood
OHC

Composition

(wt% DMMF Basis)

• Increasing Aromatization & Loss of Oxygen with Time



10 August 2006 29

““Coal and the EnvironmentCoal and the Environment”” —— 2006 APC Round Table & Expo2006 APC Round Table & Expo

0.5-60.04-1TraceSulfur (S, %)
2-40+0.040Ash (%)

1.2-1.90.50.8Nitrogen (N, %)
2-90.91.8Oxygen (O, %)

11,200-14,20018,200
(137,000 
Btu/gal)

23,100
(1000 

Btu/ft3)

Calorific Value
(HHV, Btu/lb)

2-1200Moisture (%)
3-5.5.51023.8Hydrogen (H, %)

72-828874Carbon (C, % )

Bituminous
CoalFuel Oil

Natural
GasAnalysis

Typical Fossil Fuel Analyses
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Coal Structural Characterization
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Hypothesized Coal Structures
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Photomicrograph of PRB Coal Particles
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132X, SEM-photomicrograph
Partially Burned Coal Particle

Partially burned coal.

Particle is about 580-µm across, 
very porous and hollow.  Initial 
combustion likely occurred at the 
right end where there is a large 
hole.  Smaller holes on the surface 
were made by escaping gases during 
combustion.

286X, SEM-photomicrograph
Partially Burned Coal Particle

Partially burned coal.  Note the 
“popcorn” appearance.

Particle is about 304-µm across.  
Note the small seed-like ash 
particle in the center.  Holes on the 
surface are made by escaping gases 
during combustion.
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Partially Burned Coal Particle 

264X, SEM-photomicrograph

Porous particle in the center is partially burned coal about 260-µm wide.  
Large holes were created when expanding gases explosively escaped the 
particle during heating; small holes on the surface are from gases escaping 
from the viscous carbonaceous surface.  The particle is surrounded by sand, 
dirt and plant matter.
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SEM Photomicrograph of Coal Particle

Sub-bituminous coal particle, about 93-µm across. 

Note the defined edges, the shape and texture of the particle
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Coal Mineral Types
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SCR & ESP
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Example CaO and SiO2 with Na2O

1472oF

(1337°F)

1472°F

2192°F

2732°F
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Fuel Characteristics

Its Properties & Effects

Flags & Evaluation Criteria



10 August 2006 41

““Coal and the EnvironmentCoal and the Environment”” —— 2006 APC Round Table & Expo2006 APC Round Table & Expo

Evaluation Criteria
– Proximate

– [-] Moisture
– [-] Ash (Mineral Matter)
– [+] Volatile
– [+] Fixed Carbon
– Sulfur
– HHV
– SO2 (lbs SO2/MBtu)
– Ash loading (lbs ash/MBtu)
– Volatile / Fixed Carbon

– Ultimate
– C + H + N + O Volatile & Fixed Carbon

– Ash Mineral
– [Si, Al, Ti], [Fe, Ca, Mg, K, Na]
– Base-Acid Ratio
– Na2O (%) & Na2O loading (lbs Na2O/MBtu)
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Moisture

Laboratory characteristic
Residual + Air-Dry Loss (ADL) ≈ Total
On every lab report (Certificate of Analysis)

Physical characteristic
Equilibrium (Inherent, Bed) + Surface ≈ Total
Difficult & infrequently determined
Valuable reference value
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Moisture Components
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Ash With Your Coal?
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Ash (Mineral Matter)
Slagging / Fouling Parameters

Fe, Na, Ca, Mg, K (plastic-phase deposition)
Na (vapor deposition, especially PRB-MT)
Fe acts as a flux to depress ash’s melting temperature

S generally trends with Fe
Base-Acid Ratio

(Fe2O3 + CaO + MgO + Na2O + K2O) / (SiO2 + Al2O3 + TiO2)
Minimum fusion temperature, B:A ~0.7-0.8
High slagging potential, B:A ~0.5-1.2

Silica vs Silicates
“Glass” vs. clay
Material handling & combustion considerations

Na, organic vs. inorganic compounds
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Ash ESP Ash Parameters
Ash Loading (Grain Loading)

Lbs ash/MBtu ≡ ash% * 10,000 / HHV (Btu/lb) 

Not all ash travels to the ESP
ƒ(ash viscosity, ash fusion temperatures, furnace atmosphere)

S [SO3], Na, Fe, Li (> improves ESP collection efficiency)

SiO2+Al2O3 < ~80% (ESP Index)

SiO2+Al2O3+Fe2O3 <~98%, else ESP reentrainment

Fly Ash Sales effected by S, Ca, Na+Mg, C, SO3

Air Toxics
Hg

Sb, As, Ba, Be, Cd, Cr, Co, Cu, Pb, Mn, Mo, Ni, Se, Ag, V, Tl, Zn

Cl, F (source of HCl & HF emissions)
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Volatility (as-fired basis)

High-vol (>28%) [steam coal, some met coals]
Mid-vol (20%-28%) [met coals, sometimes steam coal]
Low-vol (<20%) [met coals]
Volatile/FC [“fireball” location]

Higher value moves fireball lower in furnace
Lower value moves fireball higher in furnace
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Sulfur
SO2

Lbs SO2/MBtu ≡ S% * 20,000 / Heating Value (Btu/lb)
1.0% S @12,000 Btu/lb = 1.67 lbs SO2/MBtu
1.1% S @13,200 Btu/lb = 1.67 lbs SO2/MBtu
0.9% S @10,800 Btu/lb = 1.67 lbs SO2/MBtu
Power plants around the country may have tighter 
emission limits due to local or state consent orders

Sulfur Forms
Organic S

Part of coal matrix
Not economically removable (today)
Released in flame zone, converts to SO2 & SO3, sulfate deposition

Pyritic S
Component of ash, mostly FeS2, some HgS
Removable by physical coal cleaning

Balanced by economics & contractual requirements
Deeper cleaning removes more ash

Pyritic S and trace elements incrementally removed
May release in furnace, stay in ash as slag, sulfate deposition,
fouling deposit or fly ash

Sulfate S
Oxidized sulfur, existing sulfates
Usually <0.01%
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HHV 
(Higher Heating Value, Gross Calorific Value)

HHV (gross HV); as-received, dry & MAF bases

As-Received
Contractual, performance calculations
Includes moisture and ash as energy sinks

Dry
Lab comparison, removes moisture bias
Includes ash as the energy sink

MAF
Fingerprint, total energy from volatile & fixed carbon
Energy sources
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Ultimate (C,H,N,O + [Ash+S+Cl])

C, O (dry basis)
Function of coal rank

↑ Rank: ↑ C,  ↓ O,  ↓ H
↓ Rank: ↓ C,  ↑ O,  ↓ N

C – total C in coal maceral
H – total H in coal maceral
N – total N in coal maceral
O – total O in coal maceral (assumed by difference)

H:C (molar basis) – indicator of coal reactivity
O:C (molar basis) – indicator of coal reactivity
N:C (molar basis) – indicator of fuel N reactivity
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HGI (Hardgrove Grindability Index)

Indicator of power required to pulverize coal to -200 mesh
HGI @x% moisture 

Critical value for low-rank coals
Higher moisture, higher apparent HGI; coal less friable
Lower moisture, lower apparent HGI; coal more friable

Index based on coal from Pocahontas Seam (set = 100)
Typical mined range: 35-110+ (harder ⇛ softer)
Typical range used by utilities: 37-75

Effects of HGI extremes
For example, given 50 as design value
Low HGI (e.g., 39)

Coal harder than design
Increased wear on mill internals, increased O&M, reduced 
availability, increased burner-line erosion, reduced throughput, 
increased pyrites

High HGI (e.g., 80)
Coal softer than design
Reduced wears on mill internals, increased O&M, reduced availability, 
increased burner-line leaks, increased throughput, decreased 
pyrites, increased dust loading inside mill
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Mill Fineness

Mill fineness and balance is one of the most important factors 
for proper combustion & burner line distribution; everything 
downstream is effected by coal particle size and particle 
distribution across the boiler
Many negative environmental, combustion & performance 
factors can be traced back to mill performance

E.g., CO, NOx, slagging, UBC, LOI, waterwall corrosion, 
furnace erosion, O2 mal-distribution, increased H-C 
emissions, opacity

Mill Throughput Factors
Input coal size
Moisture
Pyrite concentration
Coal recirculation
Desired final particle size range
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Mill Fineness

Impacts of Output Fineness

Coarse — Delayed combustion, combustion higher in 
furnace, higher unburned C (UBC), higher CO, higher 
O2 requirement, increased mill throughput, slagging 
higher in furnace, decreased mill maintenance, larger 
burner-line bias (particle momentum vs. density), 
burner-line layout

Micro Pulverized — Rapid combustion, combustion 
lower in furnace, reduced unburned C (UBC), lower CO, 
reduced O2 requirement, reduced mill throughput, 
increased mill maintenance, too rapid burnout, 
(decreased NOx?)
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Rosin-Rammler Chart
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Chemically controlled 
combustion

Reactive element
<1 secChar
<0.1 secVolatiles

Reaction times
103–106 °F/secParticle heating rate
>2200°FFurnace temperature
45 µmAverage size
180 µm~Top size

Particle size

Combustion Characteristics
for Pulverized Coal Furnaces
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Ash Fusion Temperatures

Reducing & oxidizing atmospheres (CO/CO2 vs. air)
Initial, Spherical, Hemispherical, Fluid

Plastic range (fusion box)
Fluid – Initial

Ash melting temperatures follows a hysteresis curve 
(lab vs operating boiler)
Eutectics in blends
Need to correlate with unit operation

Compare relative changes
Cannot always use absolute values



10 August 2006 58

““Coal and the EnvironmentCoal and the Environment”” —— 2006 APC Round Table & Expo2006 APC Round Table & Expo



10 August 2006 59

““Coal and the EnvironmentCoal and the Environment”” —— 2006 APC Round Table & Expo2006 APC Round Table & Expo

FSD
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Sulfur vs. Ash Fusion Temperature

Provided by CONSOL Energy
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B:A vs Fusion-Hemispherical
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Coal Blending

Most characteristics can be averaged
Critical exceptions

Volatile release — Coals with higher volatile release will reduce NOx
formation
Reactivity — More reactive coals will reduce NOx formation
Lower fuel N — Coals with less fuel-N will reduce NOx formation
Higher fuel O — Trim excess air to compensate for the extra O in 
lower rank coals
HGI — Biased toward the harder coal
Ash viscosity

Usually non-Newtonian (non-linear)
Many interdependencies

Flue gas temperature & gas atmosphere (reducing, oxidizing)
Formation temperature
Heating and cooling rates for elements and compounds originally present
Reaction mechanism & reaction rates

Ash fusion
Indirect measure of viscosity
Not linear with temperature
Effected by combustion atmosphere (reducing vs. oxidizing)
Eutectics
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TRENTON CHANNEL POWER PLANT LOW PRESSURE  
FIRST UTILIY BOILER w/PRECIPITATOR — 1923

TURBINE HOUSE

STACKS

DUCTS INTO ESPs

PRECIPITATOR
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Electrostatic Precipitation
Precipitator Operation
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Ash Resistivity (Ω-cm)
— Highly dependent on flue gas 

temperature and relative humidity
— S [SO3], Na, Fe, Li (> improves 

collection efficiency)
— Metals that act as conductors
— High voltage field easily strips the 

metal of electrons
— SiO2+Al2O3 < ~80% (ESP Index)

— Ash resistivity too high for efficient 
collection

— “glass”
— SiO2+Al2O3+Fe2O3 <~98%, 

— Ash resistivity too low
— Difficult to remove from rappers, 

reentrainment

Electrostatic Precipitation
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Electrostatic Precipitation
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Ash Resistivity

1.E+10

1.E+11

1.E+12

1.E+13

100 200 300 400 500 600

Oven Temperature (F)

R
es

is
tiv

ity
 (O

hm
-c

Cell 1 Cell 2
Cell 3 Cell 4
 Cell 1 dry Cell 2 dry
Cell 3 dry Cell 4 dry

R
es

is
tiv

ity
 (O

hm
-c

m
)



10 August 2006 68

““Coal and the EnvironmentCoal and the Environment”” —— 2006 APC Round Table & Expo2006 APC Round Table & Expo

One Lump or Two?

Coal Quality by
Density or Particle Size

OR

What Number Do You Want? 
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Size Consist

Raw vs CROM vs washed (full vs. partial)

Raw (as-mined)
Roof, floor, slate, bone, sulfur balls, partings

CROM (Crushed Run-of-Mine)
Crushed raw coal with obvious impurities removed

Washed coal
Physical coal cleaning to remove ash

Pyritic sulfur removal is an artifact of ash removal
Blends coal & mineral matter to a blended specific gravity

Typically ~1.7
Coal ~1.3
Mineral matter ~2-5

Full washing typically 1.5” x 100 mesh
Newer wash plants will wash to 1.5” x 0

Partial washing 
Typically includes 2”x¾” CROM + washed ¾”x100mesh

Washing improves coal quality by removing impurities
Yields tighter σ vs. mean
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PRB-MT CROM Size Distribution
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PRB-MT Coal Quality by Size
(Moisture, Dry Ash)
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PRB-MT Coal Quality by Size
(Dry Sulfur, Dry Btu)
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PRB-MT Coal Quality by Size
(As-Received Btu, Dry Btu, MAF Btu)
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PRB-MT Coal Quality by Size
(SO2, Ash Loading)
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PRB-MT Coal Quality by Size (Ultimate, Dry Basis)
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PRB-MT Coal Quality by Size
(Na2O, Fe2O3 Loading)
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PRB-MT Coal Quality by Particle Size
Ash Mineral (Si, Fe, Ca, Mg, Na) as Oxides
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PRB-MT Coal Quality by Size
(Base-Acid Ratio)
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Ash Fusions
&

Fusion Box
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Moisture, Ash & Sulfur (Air-Dried Basis)
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Heating Values (Air-Dried, Dry, MAF)
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Carbon, Hydrogen, Nitrogen, Oxygen (Dry Basis)
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Ash Mineral — Acids (SiO2, Al2O3, TiO2)
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Ash Fusion — Reducing Atmosphere
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Reducing & Oxidizing Hemispherical Fusions
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Float-Sink Coal Quality
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Float-Sink Coal Quality
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Type Moisture Ash, a/r Volatile, a/r FC, a/r S, a/r HHV, a/r Btu, MAF MoistureLoad AshLoad SO2 V/FC

PRB-MT-1a 24.95 3.94 30.72 40.39 0.35 9,340 13,134 26.71 4.22 0.75 0.76
PRB-MT-1b 24.67 3.90 32.62 38.81 0.35 9,476 13,135 26.03 4.12 0.74 0.84
PRB-MT-1c 22.45 4.59 31.83 41.14 0.33 9,569 13,136 23.46 4.80 0.69 0.77
PRB-MT-2 23.45 4.56 30.76 41.19 0.36 9,516 13,137 24.65 4.79 0.75 0.75

PRB-WY-1 26.55 5.01 32.10 36.35 0.25 8,855 13,139 29.98 5.66 0.56 0.88
PRB-WY-2 24.93 5.79 31.97 37.33 0.35 8,985 13,140 27.74 6.45 0.78 0.86

CApp-1 5.55 6.40 34.17 53.89 0.91 13,211 13,142 4.20 4.84 1.37 0.63
CApp-2 7.56 6.35 30.17 55.92 0.68 13,068 13,143 5.79 4.86 1.05 0.54
CApp-3 5.79 8.68 32.78 52.76 0.82 12,768 13,144 4.53 6.80 1.28 0.62
CApp-4 7.95 5.87 29.52 56.66 0.88 13,288 13,145 5.98 4.42 1.32 0.52

Pitt-1 <1.70S 6.24 6.70 31.89 54.75 1.42 13,061 13,147 4.78 5.13 2.17 0.58
Pitt-1 >1.70S 4.52 6.78 34.31 54.39 2.05 13,376 13,148 3.38 5.07 3.07 0.63
Pitt-2 5.28 6.99 34.11 53.61 1.58 13,268 13,149 3.98 5.27 2.38 0.64

Pitt-HSE-1 6.20 6.40 37.10 50.30 2.25 13,288 13,151 4.67 4.82 3.39 0.74
Pitt-HSE-2 5.50 7.59 36.31 50.60 2.43 13,215 13,152 4.16 5.74 3.68 0.72

Proximate
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Type C, dry H, dry N, dry O, dry H:C O:C HGI

PRB-MT-1a 74.50 4.77 0.92 14.10 0.76 0.14
PRB-MT-1b 72.04 5.42 1.08 15.80 0.90 0.16 47
PRB-MT-1c 70.80 5.34 0.86 16.66 0.90 0.18 46
PRB-MT-2 71.35 4.88 1.01 16.31 0.81 0.17 47

PRB-WY-1 68.58 5.24 1.08 17.92 0.91 0.20 46
PRB-WY-2 71.64 4.65 0.93 15.82 0.77 0.17 48

CApp-1 80.48 5.18 1.37 5.24 0.77 0.05 48
CApp-2 82.07 5.06 1.48 3.78 0.73 0.03 53
CApp-3 78.13 5.12 1.69 4.98 0.78 0.05 49
CApp-4 82.60 5.17 1.62 3.17 0.75 0.03 54

Pitt-1 <1.70S 79.36 5.14 1.57 5.27 0.77 0.05 52
Pitt-1 >1.70S 78.82 5.24 1.52 5.17 0.79 0.05 51
Pitt-2 77.77 5.22 1.54 6.42 0.80 0.06 54

Pitt-HSE-1 79.10 5.30 1.50 4.78 0.80 0.05 54
Pitt-HSE-2 78.00 5.08 1.52 4.71 0.78 0.05 55

Ultimate, dry & HGI
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Type SiO2 Al2O3 TiO2 Fe2O3 CaO MgO K2O Na2O SO3 P2O5 BaO MnO2 ba_ratio

PRB-MT-1a 29.29 16.53 1.20 3.88 15.36 4.28 0.43 7.43 16.50 0.27 0.95 0.04 0.67
PRB-MT-1b 28.90 16.20 1.24 5.37 16.70 3.63 1.20 10.40 14.30 0.10 0.92 0.04 0.80
PRB-MT-1c 38.40 18.40 0.93 6.24 14.00 6.14 0.50 3.42 15.00 0.12 0.77 0.04 0.52
PRB-MT-2 35.34 16.89 1.11 4.89 13.86 3.40 0.64 6.02 13.88 1.01 1.12 0.03 0.54

PRB-WY-1 29.90 14.90 0.88 4.55 23.10 6.47 1.60 1.30 11.70 3.24 0.74 0.01 0.81
PRB-WY-2 35.90 15.89 1.24 5.32 18.95 3.95 0.52 1.46 12.89 0.74 0.48 0.02 0.57

CApp-1 52.72 29.81 1.27 7.19 1.64 1.23 3.55 0.57 1.11 0.14 0.17 0.02 0.17
CApp-2 53.70 31.54 1.36 4.38 1.64 0.91 1.43 0.68 0.08 0.65 0.16 0.02 0.10
CApp-3 54.60 29.62 1.14 4.20 2.05 0.80 1.91 0.98 1.70 0.42 0.11 0.01 0.12
CApp-4 53.13 33.20 1.63 7.51 1.27 0.60 1.31 0.75 0.78 0.56 0.17 0.01 0.13

Pitt-1 <1.70S 52.22 24.47 1.02 11.60 3.01 0.84 1.97 0.60 1.45 0.48 0.28 0.02 0.23
Pitt-1 >1.70S 50.52 23.10 0.93 15.63 2.64 0.78 1.94 0.56 1.25 0.35 0.26 0.01 0.29
Pitt-2 50.94 23.93 0.86 12.26 2.99 0.70 2.05 0.60 2.01 0.26 0.08 0.02 0.25

Pitt-HSE-1 43.40 22.80 1.10 19.50 4.40 1.00 1.24 1.33 4.60 0.30 0.13 0.03 0.41
Pitt-HSE-2 44.06 22.28 0.93 18.17 5.47 0.95 1.54 0.95 4.67 0.51 0.19 0.04 0.40

Ash Mineral
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Type Red,Initial Red,Soften Red,Hemi Red,Fluid Red,Plastic Ox,Initial Ox,Soften Ox,Hemi Ox,Fluid Ox,Plastic

PRB-MT-1a 2,095 2,150 2,185 2,225 130 2,260 2,375 2,445 2,490 230
PRB-MT-1b 2,083 2,151 2,155 2,170 87 2,233 2,415 2,448 2,468 235
PRB-MT-1c 2,018 2,077 2,107 2,167 149 2,140 2,227 2,240 2,285 145
PRB-MT-2 2,073 2,102 2,127 2,182 109 2,219 2,331 2,362 2,401 181

PRB-WY-1 2,042 2,098 2,123 2,165 123 2,094 2,184 2,200 2,249 155
PRB-WY-2 2,110 2,171 2,190 2,237 127 2,177 2,188 2,205 2,258 81

CApp-1 2,760 2,770 2,785 >2800 >40 >2800 >2800 >2800 >2800 >0
CApp-2 >2800 >2800 >2800 >2800 >0 >2800 >2800 >2800 >2800 >0
CApp-3 >2800 >2800 >2800 >2800 >0 >2800 >2800 >2800 >2800 >0
CApp-4 >2800 >2800 >2800 >2800 >0 >2800 >2800 >2800 >2800 >0

Pitt-1 <1.70S 2,472 2,499 2,530 2,585 113 2,550 2,590 2,625 2,670 120
Pitt-1 >1.70S 2,209 2,280 2,372 2,460 251 2,535 2,575 2,595 2,665 130
Pitt-2 2,145 2,195 2,355 2,435 290 2,350 2,385 2,415 2,490 140

Pitt-HSE-1 2,115 2,165 2,220 2,395 280 2,450 2,495 2,525 2,560 110
Pitt-HSE-2 2,118 2,181 2,249 2,329 211 2,406 2,449 2,497 2,540 134

Ash Fusion
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Representative Sampling

&

Accurate Weighing

You Can’t Control What You Can’t Measure!

not
What number do you want?
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Sampling
You Can’t Control What You Can’t Measure!

Representative sampling — MOST CRITICAL!
Results based on sample received by laboratory
Critical for both gross and laboratory samples
Coal characteristics vary by particle size
∆1% Moisture or Ash ~130-150 Btu/lb ~100 Btu/kWh

Want to lower your plant’s reported heat rate and your coal 
sample is not collected by ASTM procedures?

Double the as-fired sample size
Most coal quality parameters follow normal distribution

Causes of errors
Laboratory. . . . . . . . . . . . . . . . .5%
Sample Preparation. . . . . . . . .15%
Sampling. . . . . . . . . . . . . . . . . 80%

Sampling techniques
Stop-belt (reference standard)
Mechanical (best commercial method)
Grab (continuous), auger, car-top, grab (one-time), 
stockpile core drill, stockpile auger, stockpile manual
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Operation

Equipment is serial dependent
Improper or insufficient maintenance causes frequent sampler failure, 
low availability & biased results
Changing one setting, changes all downstream values

Primary cutter(s), primary-save conveyor, sample crusher, 
secondary-save conveyor, secondary sampler, reject system

On-line analyzer installed after sample crusher
On-line analyzer depends of sampler operation & sample bias

Sampler bias testing
Stop-belt vs. other sampling methods
Statistical population (based on normal distribution)
Mechanical sampler “certification”
Samplers accepted bias at the 95% confidence level

Effects
Corporate, regulatory, government
Industry statistics & records
Production cost, dispatch order, sales
Performance measurement & accurate costs (along with scales)
Problem solving
Coal is purchased by the heat requirement, not tons

Tons are used for commercial exchange
Boilers require x-Btus to make y-MWhrs, not x-tons to make Y-MWhrs
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Scales
You Can’t Control What You Can’t Measure!

Scale types:
Belt (electronic, mechanical), precision: 1%-0.25%
Bin, precision: 0.1%
Truck (static), precision: 0.1%
Rail (weigh-in-motion), precision: 0.25%

Methods of calibration
Weighed material test (also certification)
Static weights (also certification)
Stacked weights (also certification)
Belt weights (approximate, but not certifiable)
Chains (approximate, 1-5%)

All weights must be traceable to NIST reference weights

Remember, coal is purchased by the heat requirement, not tons
Tons are just for commercial exchange
Boilers require x-Btus to make y-MWs, not x-tons to make Y-MWs
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Scales
Methods of calibration

Weighed material test (also certification)

Static weights (also certification)

Stacked weights (also certification)

Belt weights (approximate, but not certifiable)

Chains (approximate, 1-5%)

NIST Handbook 44 

All weights must be traceable to NIST reference weights
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Typical Coal Analyses
Proximate

Moisture, ash, volatile, fixed carbon, sulfur, HHV
SO2, ash load, volatile/fixed carbon

Ultimate
C, H, N, O in the coal maceral

Ash Mineral (oxides of major elements)
Acids: Si, Al, Ti
Bases: Fe, Ca, Mg, K, Na
Minor: S, P, Ba, Sr, Mn
Base/Acid
ESP Index

Ash Fusion
Oxidizing & reducing atmospheres
Initial deformation, spherical deformation, 
hemispherical deformation, fluid
Plastic range & fusion box
Eutectics

Trace Elements
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PRB MT-CROM

Energy Sink –
Energy Sink –

Energy Source +
Energy Source +

V/FC                                                            0.84                        
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––
++

Pittsburgh-Washed

Energy Sink –
Energy Sink –
Energy Source +
Energy Source +

V/FC                                                            0.63
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PRB WY-CROM

Energy Sink –
Energy Sink –
Energy Source +
Energy Source +
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CApp hvA-bCApp hvA-b
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CApp hvA-b
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PRB MT-CROM

Energy Sink –
Energy Sink –

Energy Source +
Energy Source +

V/FC                                                            0.84                        



10 August 2006 109

““Coal and the EnvironmentCoal and the Environment”” —— 2006 APC Round Table & Expo2006 APC Round Table & Expo

––
++

Pittsburgh Seam-Washed

Energy Sink –
Energy Sink –
Energy Source +
Energy Source +

V/FC                                                            0.63
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PRB-WY CROM

Energy Sink –
Energy Sink –
Energy Source +
Energy Source +
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CApp hvAb
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CApp hvAb
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New Technology Issues

—

Greenhouse Gases

—

NOx
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New Technology Brings New Issues

Low NOX burners (LNB)
Increased UBC, LOI
Accelerated waterwall tube wastage

SCR, SNCR
NH3 or urea storage
ID fans

Wet ESP
Combustion tuning
Sorbents, activated carbon injection (ACI)
Advanced coal cleaning & trace element concentration
On-line analyzers (various technologies)
Low emissive fuels require smaller furnaces or reduced 
output from furnaces designed for coal
Carbon sequestration
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Greenhouse Gases

Carbon sequestration
H2 combustion (C removal)
CO2 capture
Amine scrubbers
Mineral sequestration

NOX Reduction
SCR, SNCR
NOX scrubbers
Oxygen Enhanced Combustion (OEC)
Zero N2 combustion

CH4 hydrates
Frozen tundra (above Arctic Circle)

CH4 ice (on ocean floor)
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Greenhouse Gases
CO2 (carbon dioxide)
CH4 (methane)
H2O (water vapor)
N2O (nitrous oxide)
Halocarbons (e.g. hydrochlorofluorocarbons, 
perfluorocarbons, SF6)

~1% of the atmosphere
>97% H2O vapor
Balance, <3% 

Energy-related CO2, 81%
Methane, CH4, 9%
Nitrous oxide, N2O, 6%
Other CO2, 2%
Other gases, 2%
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Greenhouse Gases
Global Warming Potential (GWP)

23,900SF6
7400C6F14
7000C4F10
9200C2F6
6500CF4
1300HFC-431mee
6300HFC-236fa
2900HFC-227
140HFC-152a

3800HFC-143a
1300HFC-134a
2800HFC-125

11,700HFC-23
310N2O
21CH4
1CO2 (base)

GWPGreenhouse Gas
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NOx
NOx emissions from coal combustion produced from 3 sources

Thermal NOx
Fixation of atmospheric N @ ⇑T
ƒ(combustion T (>2370°F), air/fuel)
NO(T) ⇓ by  ⇓T, ⇓t, ⇓[N2], ⇓[O2]

Fuel NOx
Oxidation of coal N compounds
Primary source of NOx
T <2650°F, NO(F) ~75-95% of total NO
NO(F) more readily produced than NO(T)
Unlike NO(T), NO(F)

< sensitive to T over the range in coal flames
> sensitive to air/fuel

Prompt NOx
[H-C] in flame zone + N2 ⇒ N ⇒ NO
Fixation of atmospheric N2 by H-C fragments in the reducing 
atmosphere of the flame zone
Total NO(P) ⇓⇓ compared to NO(T) & NO(F)

Majority of NOx species produced is NO
NO2 < 5% of total NOx
« N2O
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NOx Control in Pulverized Coal Combustion

Classified in 2 categories
Combustion modifications where NOx production is 
reduced during the combustion process
Flue gas treatment which removes NOx from flue gas 
following its formation

Emission control methods include:
Reducing peak flame T
Reducing residence time at peak flame T
Chemically reducing NOx

Oxidizing NOx followed by absorption
Removing N
Sorbents
Combinations of above
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Tee-Time…

Travel Safely

&

Thank You!


