
US Coal Production

0

100,000

200,000

300,000

400,000

500,000

600,000

Appalachia Total Interior Region Total Western Region Total

Th
ou

sa
nd

 S
ho

rt
 T
on

s

US Coal Production 2014



US Coal Production

0

50,000

100,000

150,000

200,000

250,000

300,000

350,000

400,000

450,000

Th
ou

sa
nd

 S
ho

rt 
To

ns

US Coal Production 2014



U.S. Coal Fields

http://www.coaleducation.org/ky_coal_facts/coal_resources/compariso
ns.htmSource: Developed from the U.S. Geological Survey



Sulfur
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Rank Rank % S (daf) % N (daf)
Illinois #6 hvc bit 4.8 1.37
Upper Freeport mv bit 2.3 1.55
Pittsburgh #8 hva bit 2.2 1.64
Beulah Zap lignite 0.8 1.15
Pocahontas #3 lv bit 0.7 1.33
Lewiston‐Stockton hva bit 0.7 1.56
Wyodak subbit 0.6 1.12
Blind Canyon hvb bit 0.6 1.57



What Can Be Done to Reduce 
Sulfur Dioxide Emissions?

• Limestone scrubber for SO2
– CaCO3 + SO2  CaSO4 + CO2    (not balanced)
– Complex ion chemistry in solution

• Use lower sulfur coal 
– May cause ash problems, though

• Blend in biomass
– Biomass does not usually have much sulfur

• Don’t burn coal



Price of Coal



Class 15

NOx from Coal



Outline
• NOx environmental effects
• General forms of NOx

• Forms of Nitrogen in Coal
• Nitrogen Release Mechanisms
• NOx Control Strategies



NOx Environmental Effects

1. Describe the environmental problems associated with emission of 
the following chemicals (at both ground level and in the upper 
atmosphere):

• NO
• NO2
• NH3
• HCN
• N2O
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Conventional
Fossil-Fuel
Combust ion

Biomass
Burning

Fertilizers

Fluid Bed
Combustiion

NOx = NO + NO2

Tot al: 1 .5 x 1010 kg N / yr

Mobile
Combust ion

Biomass
Burning

St at ionary
Combust ion

Indust rial
Processes

N2O

Tot al: 0 .1 x 1010 kg N / yr

Sources of Man-Made Nit rogen Oxide Emissions



Forms of Nitrogen in Parent Coal 

Argonne Premium Coals, XPS data from Kelemen et al. (1993), 
XANES data from Mitra-Kirtley et al. (1993)
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N Release Mechanisms

3a. Pyrolysis



Nitrogen Released during 
Pyrolysis vs. Coal Rank 

DOE/PETC coals pyrolyzed in 6-mole-% O2 in flat flame methane burner, 
residence time of 47 ms, 5x104 K/s (Mitchell, et al., Sandia, 1992)
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Rate of Release of Nitrogen During 
Devolatilization

Entrained flow devolatlization of DOE/PETC coals, 104 K/s to 1250 K, 
Fletcher and Hardesty, Sandia (1992)
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Tar Does Not Contain All Pyrolyzed Nitrogen, 
Especially for Low Rank Coals

Pulverized coal particles in a radiant drop tube reactor (Chen, Stanford 
University, 1991)
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HCN Is Evolved Late in the Devolatilization Process

Pittsburgh No. 8 hv bituminous coal in radiant drop tube furnace, 20-30 m 
(Freihaut et al., Comb. Sci. Tech., 1993)
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NH3 Production Seems To Be A Function of Heating 
Rate and Char Contact Time

TGA yields of N gas species, 
0.5 K/s to 900 oC (Bassilakis, et 
al., E&F, 1993).  No NH3 seen in 
EFR experiments (104 K/s).

Heated grid data, 500 K/s to 
1273 K, 4 s hold time in 
vacuum (Freihaut, et al., UTRC, 
1989)
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NH3 Is Also Seen in Fluidized Bed Pyrolysis Experiments

Initial heating rate of 104 K/s, residence times of 0.3 to 0.5 s 
(Nelson, et al., 24th Symp., 1992)

Yallourn (low rank coal) Blair Athol (bituminous coal)
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Nitrogen Release Increases with Increasing Temperature

Crucible data from Pohl and 
Sarofim, 16th Symp. (1976)

(In contrast to total volatiles yields)

Heated graphite ribbon data from 
Blair, et al., 16th Symp. (1976)
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N distribution
(from Zhang, 2001, FFB data)
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N transformations during 
Coal Combustion

Tar-N
(he avy ,
a ro m at ic s tru c ture )

Primary gas

Char-N
(coa l af ter
volat ile s re lea sed )

Coal-N

Soot- N

NOx
precursors

Residual Char- N

HCN

NH3
N2, HNCO

NOx

primary pyrolysis

N2

N2O

secondary pyrolysis

NO

NOx
+ O

+ O

zone I

(C2 H2 , C 2H 4 ,
C H4 , C 6H 6, etc .)

N2

zone I I zone II I
oxidation



Summary of Primary 
Devolatilization of Nitrogen

• N exists as pyrrolic and pyridinic structures in coals
– No ammonia or nitrate groups!

• N release  as T 
– Total volatiles yield reaches asymptote

• In rapid heating entrained flow, N release is proportional 
to carbon release (not mass release)

• Primary HCN release occurs late in the devolatilization 
process

• Little primary NH3 release seen in entrained flow
• Little correlation between form of N in coal (pyrrolic vs. 

pyridinic) and N pyrolysis products



From Air N2
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3b. Char NO
• Result:

– Often only 10-20% of char 
N  NO

• Control
– Overfire air
– Char NO not affected by 

low-NOx burners
• Bottom line:

– More N in volatiles means 
NOx control through low-
NOx burners and air 
staging

Char N

HCN

NO

N2

+O2

T

T

+C or HCN



4a. NOx Control Strategies

Combustion Modifications





Staging



Low NOx Burner, Reburning





Foster Wheeler



Reduction from ~440 mg/MJ to ~200 mg/MJ



4b. NOx Control Strategies

Post-Combustion Control



Post-Combustion NOx Abatement

Selective Noncatalytic
Reduction (SNCR)

• NH3 or urea injected (900 to 
1100C)

• Up to 80% NOx reduction
• Moderate capital cost
• NH3 slip
• Good mixing required
• Careful control for varying 

loads

Selective Reduction
(SCR)

• Mix combustion gases with 
reducing agent over catalyst

• Up to 90% NOx reduction
• High capital cost
• NH3 slip
• Problems with catalyst 

deactivation and disposal

4 NO + 4 NH3  4 N2 + 6 H2O



Urea Addition



Selective Non-Catalytic Reduction 
(SNCR)

• Temperature window
– 900-1100C

• Common chemicals
– Ammonia (NH3)
– Urea (CO(NH2)2)

• Must follow local 
temperature as load 
changes

• Problems
– Ammonia slip
– Ammonium bisulphate 

(clogging in air preheater)



SNCR



Selective Catalytic Reduction (SCR)

• Reducing agents
– Typically NH3

– Hydrocarbons

• Typical catalysts
– V2O5/TiO2

– Metal-exchanged 
zeolites



SCR



SCR



Catalyst Life



SOxNOxROxBOx



NOx Reduction Comparison



5. Cost Comparison

(from Radian corp.)



Review
• Why NOx is bad
• Categories of NOx

formation
– Thermal
– Fuel
– Prompt

• Forms of N in coal
• N release mechanisms

– Pyrolysis
– Char oxidation

• NOx reduction strategies
– Overfire air
– Low NOx burners

• Wall-fired units
• Tangential-fired units

– Reburning
– SNCR

• Ammonia
• Urea
• Others

– SCR
• Hot side
• Cold side


