APPENDIX A : Breakdown of NOx Emissions by State

Table A-1.  WRAP NOx Emissions for sources > 100 TPY by State

Category
13-States
AZ*
CA*
CO*

 
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)

Coal-Fired Boilers
151
607,748
15
75,018
3
1,544
31
82,927

Reciprocating Engines
423
86,210
16
6,441
58
10,274
56
11,328

     NG
404
81,786
14
5,731
54
9,436
56
11,328

     Diesel
16
4,021
2
709
3
708
 
 

     Process Gas
3
403
 
 
1
130
 
 

Cement Kilns
39
41,009
2
4,662
16
15,886
4
4,470

Oil/NG Boilers
112
32,910
4
1,092
40
12,290
9
2,643

Turbines
86
25,278
8
1,918
37
8,990
9
1,655

     NG
83
24,821
7
1,795
37
8,990
9
1,655

     Diesel
3
457
1
123
 
 
 
 

Mineral Processing
34
16,250
4
2,861
4
3,263
 
 

Petrochemical
48
13,719
1
101
13
3,978
4
730

NG Compressor
16
10,959
14
10,686
 
 
 
 

Pulp and Paper
39
10,010
 
 
3
602
 
 

Wood Boilers
48
9,776
 
 
14
2,430
 
 

Refinery Process Heaters
38
9,311
 
 
28
7,096
 
 

Glass Manufacture
14
5,033
 
 
11
4,128
1
251

Primary Metal Production
17
3,476
2
1,009
 
 
2
244

Waste Combustion
6
3,309
 
 
 
 
 
 

Refinery Emissions
8
3,256
 
 
8
3,256
 
 

In-process Fuel Use
9
2,605
 
 
7
1,906
 
 

Jet Engine Testing
4
2,297
 
 
4
2,297
 
 

Oil and Gas Production
7
1,140
 
 
 
 
 
 

Smelting Operations
3
961
2
852
 
 
 
 

Sugar Beet Production
3
730
 
 
1
111
 
 

Secondary Metal Production
4
507
 
 
 
 
 
 

Turbines, Steam
1
165
 
 
1
165
 
 

Total (> 100 TPY)
1,110
886,659
68
104,639
248
78,217
116
104,249

* GCTVR State

Table A-1.  WRAP NOx Emissions for sources > 100 TPY by State [continued]

Category
ID*
MT
ND
NM*

 
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)

Coal-Fired Boilers
6
2,218
6
25,452
17
108,007
10
70,193

Reciprocating Engines
 
 
14
4,357
8
2,569
201
37,755

     NG
 
 
4
2,056
8
2,569
201
37,755

     Diesel
 
 
10
2,301
 
 
 
 

     Process Gas
 
 
 
 
 
 
 
 

Cement Kilns
 
 
1
1,662
 
 
1
1,000

Oil/NG Boilers
 
 
1
128
3
909
10
3,389

Turbines
1
139
0
0
3
564
12
2,947

     NG
1
139
 
 
3
564
12
2,947

     Diesel
 
 
 
 
 
 
 
 

Mineral Processing
1
117
3
428
 
 
1
145

Petrochemical
3
1,449
5
842
1
915
1
124

NG Compressor
 
 
 
 
 
 
 
 

Pulp and Paper
3
377
4
920
 
 
 
 

Wood Boilers
4
708
4
1,057
 
 
1
360

Refinery Process Heaters
 
 
 
 
 
 
1
206

Glass Manufacture
 
 
 
 
 
 
 
 

Primary Metal Production
 
 
 
 
 
 
 
 

Waste Combustion
 
 
 
 
4
2,971
 
 

Refinery Emissions
 
 
 
 
 
 
 
 

In-process Fuel Use
 
 
1
589
 
 
 
 

Jet Engine Testing
 
 
 
 
 
 
 
 

Oil and Gas Production
 
 
 
 
2
348
1
140

Smelting Operations
 
 
 
 
 
 
 
 

Sugar Beet Production
 
 
 
 
2
619
 
 

Secondary Metal Production
 
 
 
 
 
 
 
 

Turbines, Steam
 
 
 
 
 
 
 
 

Total (> 100 TPY)
18
5,008
39
35,436
40
116,901
239
116,258

* GCTVR State

Table A-1.  WRAP NOx Emissions for sources > 100 TPY by State [continued]

Category
NV*
OR*
SD
UT*

 
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)

Coal-Fired Boilers
8
39,040
1
4,195
3
17,268
15
66,600

Reciprocating Engines
 
 
 
 
 
 
15
2,074

     NG
 
 
 
 
 
 
14
1,772

     Diesel
 
 
 
 
 
 
1
303

     Process Gas
 
 
 
 
 
 
 
 

Cement Kilns
2
3,789
2
687
3
2,718
2
565

Oil/NG Boilers
6
3,727
6
2,155
 
 
1
267

Turbines
1
191
3
5,372
2
435
3
772

     NG
 
 
2
5,229
2
435
3
772

     Diesel
1
191
1
143
 
 
 
 

Mineral Processing
2
218
 
 
2
577
5
4,542

Petrochemical
 
 
 
 
 
 
2
324

NG Compressor
 
 
 
 
 
 
2
273

Pulp and Paper
 
 
14
3,641
 
 
 
 

Wood Boilers
 
 
17
3,366
 
 
 
 

Refinery Process Heaters
 
 
 
 
 
 
 
 

Glass Manufacture
 
 
 
 
 
 
 
 

Primary Metal Production
1
125
3
514
 
 
7
1,263

Waste Combustion
 
 
 
 
 
 
2
339

Refinery Emissions
 
 
 
 
 
 
 
 

In-process Fuel Use
1
109
 
 
 
 
 
 

Jet Engine Testing
 
 
 
 
 
 
 
 

Oil and Gas Production
 
 
 
 
 
 
 
 

Smelting Operations
 
 
 
 
 
 
 
 

Sugar Beet Production
 
 
 
 
 
 
 
 

Secondary Metal Production
 
 
 
 
 
 
 
 

Turbines, Steam
 
 
 
 
 
 
 
 

Total (> 100 TPY)
21
47,199
46
19,929
10
20,998
54
77,020

* GCTVR State

Table A-1.  WRAP NOx Emissions for sources > 100 TPY by State [continued]

Category
WA
WY*

 
# Units
Total NOx TPY (>100 TPY)
# Units
Total NOx TPY (>100 TPY)

Coal-Fired Boilers
8
20,138
28
95,148

Reciprocating Engines
7
1,191
48
10,219

     NG
5
918
48
10,219

     Diesel
 
 
 
 

     Process Gas
2
273
 
 

Cement Kilns
4
4,126
2
1,444

Oil/NG Boilers
28
5,758
4
553

Turbines
3
324
4
1,971

     NG
3
324
4
1,971

     Diesel
 
 
 
 

Mineral Processing
4
1,904
8
2,197

Petrochemical
11
3,635
7
1,619

NG Compressor
 
 
 
 

Pulp and Paper
15
4,471
 
 

Wood Boilers
8
1,856
 
 

Refinery Process Heaters
9
2,009
 
 

Glass Manufacture
2
654
 
 

Primary Metal Production
1
116
1
205

Waste Combustion
 
 
 
 

Refinery Emissions
 
 
 
 

In-process Fuel Use
 
 
 
 

Jet Engine Testing
 
 
 
 

Oil and Gas Production
 
 
4
652

Smelting Operations
1
109
 
 

Sugar Beet Production
 
 
 
 

Secondary Metal Production
4
507
 
 

Turbines, Steam
 
 
 
 

Total (> 100 TPY)
105
46,798
106
114,009

*GCVTR State

: 
APPENDIX B : Breakdown of PM Emissions by State

Table B-1.  WRAP PM Emissions for sources > 100 TPY by State

Category
13-States
AZ*
CA*
CO*

 
# Units
Total PM TPY
# Units
Total PM TPY
# Units
Total PM TPY
# Units
Total PM TPY

Coal-Fired Boilers
88
46,010
9
2,657
1
699
3
684

Mineral Processing
85
24,499
14
4,932
5
710
18
4,700

Petrochemical
42
10,836
 
 
5
834
4
757

Wood Boilers
24
5,718
 
 
3
471
 
 

Refinery Emissions
11
5,631
2
3,949
1
104
3
843

Primary Metal Production
20
4,697
3
529
1
139
1
232

Pulp and Paper
15
4,476
 
 
2
272
 
 

Smelting Operations
8
3,555
1
137
 
 
 
 

Miscellaneous
1
2,456
 
 
1
2,456
 
 

Oil/NG Boilers
5
1,379
 
 
 
 
 
 

Sugar Beet Processing
5
1,150
1
210
1
110
1
430

Cooling Tower
4
932
 
 
 
 
 
 

Cement Kilns
4
641
 
 
1
132
 
 

Turbines
2
838
1
590
 
 
1
248

     Diesel
1
590
1
590
 
 
 
 

     NG
1
248
 
 
 
 
1
248

Secondary Metal Production
1
537
 
 
 
 
 
 

Jet Engine Testing
2
535
 
 
2
535
 
 

Reciprocating Engines
3
525
1
104
 
 
1
169

     Diesel
2
273
1
104
 
 
1
169

     NG
1
252
 
 
 
 
 
 

Refinery Process Heaters
1
176
 
 
1
176
 
 

Total
321
114,589
32
13,107
24
6,638
32
8,063

* GCTVR State

Table B-1.  WRAP PM Emissions for sources > 100 TPY by State [continued]

Category
ID*
MT
ND
NM*

 
# Units
Total PM TPY
# Units
Total PM TPY
# Units
Total PM TPY
# Units
Total PM TPY

Coal-Fired Boilers
8
5,180
4
3,990
11
3,679
9
7,285

Mineral Processing
5
1,864
9
2,565
1
110
2
270

Petrochemical
4
688
2
274
1
590
1
307

Wood Boilers
6
1,683
2
242
 
 
 
 

Refinery Emissions
 
 
 
 
 
 
 
 

Primary Metal Production
 
 
1
477
 
 
 
 

Pulp and Paper
6
2,949
 
 
 
 
 
 

Smelting Operations
 
 
1
158
 
 
4
1,242

Miscellaneous
 
 
 
 
 
 
 
 

Oil/NG Boilers
 
 
 
 
 
 
 
 

Sugar Beet Processing
 
 
 
 
1
297
 
 

Cooling Tower
 
 
 
 
 
 
 
 

Cement Kilns
1
216
1
117
 
 
1
176

Turbines
 
 
 
 
 
 
 
 

     Diesel
 
 
 
 
 
 
 
 

     NG
 
 
 
 
 
 
 
 

Secondary Metal Production
 
 
 
 
 
 
 
 

Jet Engine Testing
 
 
 
 
 
 
 
 

Reciprocating Engines
 
 
 
 
 
 
 
 

     Diesel
 
 
 
 
 
 
 
 

     NG
 
 
 
 
 
 
 
 

Refinery Process Heaters
 
 
 
 
 
 
 
 

Total
30
12,579
20
7,825
14
4,676
17
9,280

* GCTVR State

Table B-1.  WRAP PM Emissions for sources > 100 TPY by State [continued]

Category
NV*
OR*
SD
UT*

 
# Units
Total PM TPY
# Units
Total PM TPY
# Units
Total PM TPY
# Units
Total PM TPY

Coal-Fired Boilers
8
5,688
1
108
2
236
8
2,436

Mineral Processing
2
244
 
 
 
 
11
2,510

Petrochemical
 
 
 
 
 
 
 
 

Wood Boilers
 
 
11
3,056
 
 
 
 

Refinery Emissions
 
 
 
 
1
233
 
 

Primary Metal Production
1
211
1
276
 
 
4
857

Pulp and Paper
 
 
5
898
 
 
 
 

Smelting Operations
 
 
 
 
 
 
2
2,017

Miscellaneous
 
 
 
 
 
 
 
 

Oil/NG Boilers
4
1,235
1
144
 
 
 
 

Sugar Beet Processing
 
 
 
 
 
 
 
 

Cooling Tower
 
 
 
 
 
 
 
 

Cement Kilns
 
 
 
 
 
 
 
 

Turbines
 
 
 
 
 
 
 
 

     Diesel
 
 
 
 
 
 
 
 

     NG
 
 
 
 
 
 
 
 

Secondary Metal Production
 
 
1
537
 
 
 
 

Jet Engine Testing
 
 
 
 
 
 
 
 

Reciprocating Engines
 
 
 
 
 
 
 
 

     Diesel
 
 
 
 
 
 
 
 

     NG
 
 
 
 
 
 
 
 

Refinery Process Heaters
 
 
 
 
 
 
 
 

Total
15
7,379
20
5,019
3
469
25
7,820

* GCTVR State

Table B-1.  WRAP NOx Emissions for sources > 100 TPY by State [continued]

Category
WA
WY*

 
# Units
Total PM TPY
# Units
Total PM TPY

Coal-Fired Boilers
4
2,968
20
10,400

Mineral Processing
 
 
18
6,594

Petrochemical
2
255
23
7,130

Wood Boilers
2
266
 
 

Refinery Emissions
3
386
1
115

Primary Metal Production
8
1,976
 
 

Pulp and Paper
2
357
 
 

Smelting Operations
 
 
 
 

Miscellaneous
 
 
 
 

Oil/NG Boilers
 
 
 
 

Sugar Beet Processing
1
103
 
 

Cooling Tower
 
 
4
932

Cement Kilns
 
 
 
 

Turbines
 
 
 
 

     Diesel
 
 
 
 

     NG
 
 
 
 

Secondary Metal Production
 
 
 
 

Jet Engine Testing
 
 
 
 

Reciprocating Engines
 
 
1
252

     Diesel
 
 
 
 

     NG
 
 
1
252

Refinery Process Heaters
 
 
 
 

Total
22
6,311
67
25,423

*GCVTR State

APPENDIC C:  NOx Control Technology Summaries

Process:  Air or Fuel Staging

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

 Cement Kilns
 41,009
 0 to 50%
 1000-2000
 Commercial

Process Description:  

Inject portion of the fuel downstream of the main flame to create locally reducing conditions where NOx can be destroyed.  Sometimes includes installing a “NOx fan” to increase burnout.  Most commonly applied to preheater/precalciner kilns in which part of the coal is already being fired in the calciner.  In this case, airflow is rerouted downstream of the calciner fuel injector.  

Air and Fuel Staging as commonly applied to large industrial/utility boilers is discussed under the more commonly referred names technologies Overfire Air and Fuel Reburn

NOx Reduction:

NOx reduction is achieved by creating two separate combustion zones.  The burner zone is fired fuel-lean to create the high temperatures needed for clinker formation.  Limestone calcination, which takes place at temperatures in the range of 1600 to 1800 (F, is accomplished in the second combustion zone in the tower.  NOx reductions as high as 50% can be achieved by controlling the size of the fuel-rich region in the second combustion zone.  Conversely, if combustion is fuel-lean or well-mixed in the second zone, NOx would not be reduced.  The ideal stoichiometric ratio in the calciner is 0.7 to 0.8.  Some systems do not perform well because the second combustion zone is too fuel-rich (SR < 0.6), causing significant NOx production when the staging air is added.  

Cost Information:

Capital cost for the technology includes additional ductwork and controls.  This should run between $200,000 and 500,000
 depending on the length of new ductwork required.  Operating cost should not change unless lower temperatures or locally reducing conditions adversely affect cement quality.  

Development Status:  

Commercially available.  

Practical Considerations:

The technology is easier to implement on preheater/precalciner kilns since special injectors are required to introduce fuel or air into the middle of a rotating kiln.  In either case, there must be sufficient residence time at high temperature to complete burnout.  

Compatibility with other air pollution control technologies:

Reducing conditions may increase sulfur emissions or require additional SO2 emission controls.  

Secondary Environmental Impacts:

None expected.     

References:

Dusome D. (1993).  “Staged Combustion for NOx Control at the Calaveras Tehachapi Plant”, presented to the Portland Cement Association. 

Nielsen, P.B. et al. (1990).  “An Overview of the Formation of SOX and NOX in Various Pyroprocessing Systems”, IEEE Cement Industry Technical Conference.

Johnson, S.A. and Haythornthwaite, S., “Summary of Available NOx Control Techniques for the Cement Industry”, submitted to the Portland Cement Association, Skokie, IL, 1998. 

Process:  Batch/Cullet Preheating

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

Glass Manufacturing
 5,033
 5-25%
 890-1,040
 Commercial

Process Description:  

Batch and cullet (recycled glass) preheating can be applied by direct preheating, indirect preheating and Edmeston EGB Filter.  Direct preheating requires direct contact between the flue gas and the raw material in a cross-counter flow and incorporates a bypass that allows furnace operation to continue when preheater use is either inappropriate of impossible.  The indirect preheater is in principle a cross-counter flow, plate heat exchanger.  The Edmeston electrified granulate bed (EGB) filter system is a hybrid between an electrostatic precipitator for dust removal and a direct cullet preheater.

NOx Reduction:

Cullet preheating is primarily an energy saving technique (savings between 10-20%), but its practice reduces NOx emissions due to lower fuel requirements and lower furnace temperatures.

Cost Information:

Capital costs generally range from $42K-110K
.  Economics are strongly dependent on the capacity of the furnace and the preheater.

Development Status:  

Commercially available

Practical Considerations:

Cullet preheating systems can be installed at any existing glass melting furnace with greater than 50% cullet in the batch.  For economic reasons, the temperature of the waste gas available should be at least 400-450°C, and a cooling of the flue gases by at least 200-250°C is needed.  To prevent material agglomeration, the maximum entry temperature of the flue gases should not exceed 600°C.

The design and implementation of the preheating unit should be evaluated with the over-all system configuration.  Many technical issues, such as monitoring of the preheating temperature, should be carefully reviewed prior to the implementation.

Compatibility with other air pollution control technologies:

Cullet preheating is compatible with combustion modification techniques and post-combustion technologies.

Secondary Environmental Impacts:

· The use of a direct preheater causes increased emissions of particulate matter (up to 2000 mg/Nm3) and secondary particulate abatement is necessary.

· Direct preheating reduces acidic compounds, SO2, HF, and HCl by up to 60%, 50%, and 90% respectively (difference before and after cullet bed).

References

European IPPC Bureau.  “Reference Document on Best Available Techniques in the Glass Manufacturing Industry.”  Seville, Spain, October, 2000.

Process:  Catalytic Combustion

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

 Combustion or Gas Turbines
25,278
> 80%
> 500
Commercial

Process Description:  

Catalytic combustion reduces NOx formed from the combustion process by reducing the combustion temperature to reduce thermal NOx.  The fuel and air are premixed into a fuel-lean mixture (fuel/air ratio of approximately 0.02) and then pass into a catalyst bed.  In the bed, the mixture oxidizes without forming a high-temperature flame font.  Peak combustion temperatures can be limited to below 2800 °F, which is below the temperature at which significant amounts of thermal NOx begin to form.  Catalytic combustors can also be designed to operate in a rich/lean configuration.  In this case, the air and fuel are premixed to form a fuel-rich mixture, which passes through a first stage catalyst where combustion begins.  Secondary air is then added to produce a lean mixture, and combustion is completed in a second stage catalyst bed.

NOx Reduction:

According to one developer of the technology, catalytic combustion has been demonstrated to achieve 3 ppm NOx on a 1.5 MW gas turbine
.  A NOx level of 3.3 ppm was achieved on a General Electric Frame 9 test stand.

Cost Information:

Costs referenced above are preliminary and based on DOE reference below.

Development Status:  

Commercially available.

Practical Considerations:

Catalytic combustion techniques apply to all combustor types and are effective on both diesel- and gas-fired turbines.  The technology has a limited operating range, and thus cannot be applied to gas turbines subject to rapid load changes.

Compatibility with other air pollution control technologies:

Compatible with post-combustion technology.

Secondary Environmental Impacts:

None expected.

References:

NESCAUM, “ Status Report on NOx Controls for Gas Turbines, Cement Kilns, Industrial Boilers and Internal Combustion Engines: Technologies and Cost Effectiveness,” December 2000
U.S. Environmental Protection Agency.  “Alternative Control Techniques Document-NOx Emissions from Stationary Gas Turbines.”  EPA-453/R-93-007, Research Park Triangle, NC, January 1993.

DOE, “Cost Analyses of NOx Control Alternatives for Stationary Gar Turbines”, November 1999.

Process:  DLN (Fuel-lean combustion)

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Turbines
25,278
70%
1,000-2,000
Commercial

Process Description:  

Dry Low NOx (DLN) is a combustion technology for gas turbines that enables gas-turbine combustors to produce low NOx emission levels without diluents (such as water or steam) or catalysts.  DLN technology utilizes a lean, premixed flame as opposed to a turbulent diffusion flame, a gas turbine equivalent of the LNB. 

NOx Reduction:

Engines from 3-10 MW retrofit with DLN achieved 42 ppm NOx emissions, corresponding to reductions in the range of 60-83%.  New and retrofit turbines in the larger, power plant sizes (over 50 MW) have been retrofitted to below 9 ppm of NOx.

Cost Information:

The cost of NOx reduction by DLN is very sensitive to the capacity factor of the turbine.  There is also substantial variation in capital cost measured in terms of dollars/horsepower ($/hp) due to different turbine types and variations in turbine design.  Reported costs in case studies show capital costs ranging from $750K-1,950K (4,700 hp at $160/hp and 13,000 hp at $150/hp).  These are total project costs that owners attributed to the project, which may include project management or other charges associated with the project beyond the equipment and installation.

Development Status:  

Commercially available

As of August 2000, about 50 turbines had been retrofitted and over 500 new turbines were operating with DLN technology. 

Practical Considerations:

Because DLN combustor technology operates under conditions that are much closer to the flammability limit than the conventional combustor technology, there is a significant risk of flame instability.  Manufacturers have developed improved electronic turbine controls to address this problem.  Some early experience has also found combustor liners failing after only about 5,000 hours compared to over 20,000 hour lifetime for conventional technology.  Similarly, manufacturers have developed improved liners to address this problem.

Other considerations are:

· DLN is achievable with fuels that can be premixed and are low in fuel nitrogen content, such as natural gas.  Turbines that must maintain low NOx levels while operating on fuel oil may not be compatible with DLN.

· Achieving low NOx across the full load range requires a sophisticated combustor design, often with variable operating modes in order to maintain flame stability.

· The DLN combustor is typically larger than a conventional combustor and can have more limited operating ranges.

Compatibility with other air pollution control technologies:

Compatible with post-combustion technology (SCR, SNCR).

Secondary Environmental Impacts:

None expected. 

References:

NESCAUM, “ Status Report on NOx Controls for Gas Turbines, Cement Kilns, Industrial Boilers and Internal Combustion Engines: Technologies and Cost Effectiveness” December 2000.

Process:  Flue Gas Recirculation (FGR)

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Oil/Natural gas boilers
32,910
40-80%
500-3,000
Commercial

Refinery Process Heaters
9,311
(combined with LNB)
5,900
Commercial

Process Description:  

Flue Gas Recirculation (FGR) simply refers to a NOx reduction approach that involves reintroducing some flue gas (5% to 15%) into the combustion air (or directly into the burner) to suppress flame temperatures and minimize NOx formation. 

This technology usually involves a dedicated FGR fan to recirculate the flue gas back to the burner front and it is most applicable to gas fired applications. This is because its main benefit is in the minimization of thermal NOx (NOx formed from nitrogen in the combustion air), as opposed to fuel-NOx (NOx formed from fuel-bound nitrogen).  Since in oil and coal sources a significant fraction of NOx comes from “fuel-NOx”, FGR is less effective in such applications  



NOx Reduction:

NOx reductions from FGR on gas-fired sources can be in the range of 40% to 80%. 

FGR is often used in combination with LNBs and discriminating between the relative NOx reduction contributions is difficult in some cases. 


 Cost Information:

The main costs associated with FGR involve the retrofit of the FGR fan(s) and required ductwork to route the flue gas to the burner front. Costs in the range of  $10 - $20/kW are expected for power generation sources



Development Status:  

FGR is a well-proven   technology in commercial operations for many years. Variations of the general concept include Induced FGR where the gas recirculated to the burner zone through an eductor, as well as recirculated to individual burners as opposed to the combustion air windbox for mixing with the combustion air prior to entering the burners.  

Practical Considerations:

As mentioned above, FGR is mostly appropriate for gas-fired applications. Its effectiveness on oil and coal reduce its “appeal” to such sources

Care is necessary to ensure that the amount of FGR does not compromise boiler safety by diluting oxygen concentration in the combustion air to unsafe levels

Compatibility with other air pollution control technologies:

FGR is used in combination with LNB’s and OFA. 

FGR is also compatible with post combustion NOx technologies although the overall cost effectiveness 

needs to be addressed case-by-case.

Secondary Environmental Impacts:

None expected. 

References:

EPRI, “Retrofit NOx Control Guidelines for Gas- and Oil-Fired Boilers”, Final Report, December 1993.

Poole, L., “Houston Galveston Area NOx Abatement Industries Perspective,” present at the Council of Industrial Boiler Owners, NOx Control XV Conference, Houston, TX, August 2002.


Process:  Fuel Reburn

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Coal-fired boilers
607,748
30-60%
500-2,000
Commercial

Wood/Biomass boilers
9,776
40-60%
300-3,000
Commercial

Glass Melters
5,033
50-65%
“moderate”
Commercial

Process Description:  

Reburning, while generically included in the “Combustion Modification” category of NOx control technologies, differs from the others (BCM, LNB and OFA) by “destroying” NO rather than by minimizing its formation.  Fuel is introduced above the main burner zone in the furnace, creating a fuel-rich (reducing) atmosphere in which NOx formed in the main burner zone is destroyed by reacting with hydrocarbon and nitrogen compounds. The hardware needed for reburning includes reburn fuel burners or nozzles and overfire or burnout air ports (see discussion on fuel-lean reburn for deviations from this).  The level of complexity of a particular system depends mostly on the choice of the reburn fuel itself (gas, coal, oil, orimulsion), as well as on the status and capability of the existing boiler (e.g., the burner/boiler control system).



NOx Reduction:

Full load NOx reductions with reburning can be expected to range from 35% to 60% depending on factors such as:

· reburn fuel type and quantity; typically the reburn fuel needs to provide 15-20% of the total heat input if it is gas or 25-30% if coal to obtain 50-60% (NOx
· 
initial NOx level

· “tolerance” of negative impacts (e.g., efficiency loss, ash quality)

At low loads, NOx reduction may fall to the 20-40% range, depending on the burner zone stoichiometry and low load operating characteristics of the boiler (e.g., operating at high excess air to control reheat temperature).  Reburning, like SNCR and SCR, may be thought of as a “dial-in” technology in that NOx reductions will be a function of the amount of reburn fuel (or the amount of nitrogen compound reagent in the case of SNCR and SCR).  This feature may make it particularly attractive for compliance scenarios based on seasonal use, averaging and/or trading.



 Cost Information:

In general, the capital costs range from $15/kW to $30/kW for gas reburn and $30/kW to $60/kW when using coal as the reburn fuel.  Operating costs are mainly driven by fuel cost differential (certainly gas vs coal).  For other fuels (e.g. coal/orimulsion reburning), fuel preparation costs become more important (micronization, atomization) as there is little or no fuel cost differential.

Retrofit schedules are directly related to the scope of the retrofit requirements.  In most cases, 3-6 weeks are adequate for a reburn retrofit.



Development Status:  Commercial

While reburning does not account for a significant fraction of installed NOx reduction technologies compared to LNBs, SNCR and SCR worldwide, it is gaining acceptance, and a number of recent activities suggest it has become a viable strategic option for NOx control.  This increase in interest is due to two key factors, among others: (1) increased experience and encouraging results, which increase the level of comfort with the technology; and (2) the “proliferation” of advanced reburn technologies, each with its own features, advantages and disadvantages.  These “advanced” reburning options involve enhancements of the conventional approach, with features ranging from combinations with SNCR to the outright avoidance of overfire air, as in fuel-lean gas reburn (FLGR).



Practical Considerations:

Boilers with the following design and operating characteristics are expected to be more suitable candidates for reburning:

· firing low-sulfur coals (e.g., less propensity for waterwall corrosion)

· low baseline unburned carbon (e.g., to minimize ash salability impacts).

· favorable cross-section/height profiles (e.g., tall boilers which provide for adequate mixing/residence time to maximize effectiveness).

· gas availability, very efficient/effective coal pulverizers (e.g., approaching micronization) or access to orimulsion for the reburn fuel

Of major importance is the choice of reburn fuel.  The increasing experience with coal and orimulsion dictates that these must be considered in light of cost, availability, deliverability and overall project objectives.  However, the use of natural gas provides benefits from lower maintenance costs (e.g., less demand on pulverizers) and lower emissions of other pollutants (particulate, SOx, CO2).



Compatibility with other air pollution control technologies:

Reburn Technology can be implemented with both Low NOx combustion approaches (e.g. LNBs) and post combustion technologies (SNCR/SCR). However, the overall NOx reductions are not strictly additive and careful evaluation is required to ensure cost effective strategies.



Secondary Environmental Impacts:

Reburn technology has the potential to effect both positive and negative secondary environmental impacts 

depending on factors such as the reburn fuel,  main combustion and reburn zone stoichiometries, boiler physical  characteristics, etc.

The following are potential impacts that must be analyzed on an individual unit basis 

· CO may increase due to stoichiometry in the reburn zone

· LOI may increase due to stoichiometries and OFA design  

· SO2/CO2 benefits when reburn fuel is gas (proportional to gas input)  

References:

NESCAUM,  “Status Report on NOx Control Technologies and Cost Effectiveness for Utility Boilers”, June 1998.  

EPRI, “Retrofit NOx Controls for Coal-Fired Utility Boilers – 2000 Update”, EPRI Final Report, December 2000.
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Process:  High Energy Ignition System (HEIS)

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

 Reciprocating Engines
86,210
50% - 80%
115 - 200+
 Commercial

Process Description:  

HEIS technology, also known as plasma ignition, provides a continuous electrical discharge at the gap of a conventional spark plug for 10 to 90 degrees of crankshaft rotation as opposed to traditional spark ignition where the life of the spark is only a fraction of a degree of crankshaft rotation.  The extended energy ensures that ignition will occur even in the leanest of conditions.  A rich mixture is ignited in a small ignition cell located in the cylinder head.  The ignition cell flame passes to the cylinder where it provides a uniform ignition source.

NOx Reduction:

Laboratory tests and case studies have shown NOx emissions in the range of 2.5 to 3.0 g/bhp-hr while maintaining acceptable engine operation.  Emissions of 2.5 b/bhp-hr were achieved on a 2,750-bhp engine, amounting to an 84% reduction from the uncontrolled level.  

Cost Information:

Cost information was not widely reported. Cost range indicated above was taken from the NESCAUM reference below.

Development Status:  

Commercially available

HEIS has been installed on numerous engines to meet NOx RACT requirements in the range of 2.5 to 3.0 g/bhp-hr in the Eastern United States.  Several users have reported over 80% reduction in NOx emissions.

Practical Considerations:

HEIS technology can be used only in lean-burn, natural gas-fired spark ignition engines.  This technique can be retrofit to turbocharged 2- and 4-cycle engines.  

Compatibility with other air pollution control technologies:

Compatible with post-combustion NOx technologies (SCR, NSCR). However, the overall NOx reductions are not strictly additive and careful evaluation is required to ensure cost effective strategies.

Secondary Environmental Impacts:

In most cases, NOx reductions have been accompanied by increased power output and increased fuel economy.

References:

Edgerton, S. W., Lee-Greco, J., and Walsh, S.  “Stationary Reciprocating Internal Combustion Engines Updated Information on NOx Emissions and Control Techniques (Final Report).” EPA contract No. 68-D98-026, EC/R Incorporated, Chapel Hill, NC, August 29, 2000.
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Alternative Control Techniques Document: NOx Emissions from Stationary Reciprocating Internal Combustion Engines.  EPA Document No. EPA-453/R-93-032, July 1993.  



Process:  High-Pressure Fuel Injection

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Reciprocating Engines
86,210
~80%
N/A (less than LEC)
Commercial

Process Description:  

High-Pressure Fuel Injection represents a “second generation” Low Emission Combustion (LEC), according to one vendor of NOx control equipment and retrofit services.  The technology uses high pressure to enhance the mixing of air and fuel in the combustion cylinder under fuel lean conditions.  This technique reduces the quantity of excess air in comparison to LEC, diminishing the turbocharging and intercooling retrofit requirements.

NOx Reduction:

Tests from a large (~5,000 bhp) turbocharged Clark engine showed 80% NOx reduction.  May be comparable to LEC reductions.

 Cost Information:

Less than LEC because the technology does not require pre-combustion chambers or as much excess air, thus reducing the degree of turbocharging and intercooling required.

Development Status:  

Commercially available

Considered emerging in 2000.

Practical Considerations:

An LEC retrofit vendor stated that NOx emissions cannot be reduced to 2 g/bhp-hr through the use of a high-pressure fuel system alone.  Less stringent regulatory requirements cans be met with a combination of ignition timing adjustment, high-pressure fuel injectors, and improve A/F ratio and ignition system controls.

Compatibility with other air pollution control technologies:

Compatible with post-combustion NOx technologies (SCR, NSCR).  However, the overall NOx reductions are not strictly additive and careful evaluation is required to ensure cost effective strategies.

Secondary Environmental Impacts:

None expected.

 

References:

Edgerton, S. W., Lee-Greco, J., and Walsh, S.  “Stationary Reciprocating Internal Combustion Engines Updated Information on NOx Emissions and Control Techniques (Final Report).” EPA contract No. 68-D98-026, EC/R Incorporated, Chapel Hill, NC, August 29, 2000.
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Process:  “Intelligent” Combustion Controls

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

 Coal-Fired Boilers
 607,748
 0-30%
 100-300
 Commercial

 Oil/Gas Boilers
 32,910
 0-30%
 100-500
 Commercial

 Wood/Biomass Boilers
 9,776
 0-20%
 200-500
 Commercial

Process Description:  

Sensors and computer software programs are used to control air-fuel ratio to individual burners.  Conventional combustion systems provide measured airflow to the windbox (that feeds all burners) and to each pulverizer (that feeds from two to eight burners).  However, coal flow to individual burners may deviate by as much as 50%, while airflow to each burner may deviate by over 20%.  Measuring and controlling (using existing or new control valves) these quantities at each burner allows the boiler to operate with lower excess air or slightly staged.  Sensors are also available to monitor post-combustion processes.  Online measurements of unburned carbon and CO provide feedback for burner adjustments.  Other sensors evaluate flame quality, furnace temperature, or boiler heat transfer.  Software can be rule-based or neural net.  Usually the new software resides on the operator’s digital control system (DCS).  



NOx Reduction:

Full -load NOx reductions with combustion monitoring and tuning can be expected to range from 0% to 30% depending on factors such as:

· Current state of “out of tune” combustion system.  

· Initial NOx level.  

· Operational flexibility of the burner/furnace design.  

The highest NOx reductions are usually found on boilers that are able to bias their fuel input to lower burners and bias the airflow to upper burners.  At low loads where there may be more operating flexibility, NOx reduction may improve to the 20-40% range, depending on the burner zone stoichiometry and low load operating characteristics of the boiler (e.g., operating at high excess air to control reheat  steam temperature).  



 Cost Information:

In general, the capital costs for combustion monitoring and tuning are less than $1M per boiler.  Operating costs are mainly driven by additional labor to maintain the new equipment.  Often the installation of this technology is driven by the potential to reduce boiler operational expenses.  For example, if total airflow is minimized, boiler efficiency can be increased.  Reducing unburned carbon in the ash residue will not only increase boiler efficiency but also could improve salability of this byproduct to the cement industry.  

An outage is generally not required when implementing this technology, but coal-flow sensors and adjustable orifices are best installed when a mill is out of service.  

Development Status:  

Commercially available.  Many of the sensors, however, are relatively new and do not have a track record for reliability and dependability.  Since each application of the technology is custom-engineered, there may be a steep learning curve for every user.  For now, each installation also requires onsite presence  (for a few weeks) from the supplier or other combustion expert to achieve best results.  

Practical Considerations:

Boilers with the following design and operating characteristics are expected to be more suitable candidates for combustion monitoring and tuning:

· Combustion equipment must be in good operating condition.  The technology will not be able to overcome such factors as poor coal fineness or failure of burner parts.  

· Favorable cross-section/height profiles (e.g., tall boilers which provide for adequate mixing/residence time to maximize effectiveness).

· Excess coal pulverizer capacity so that fuel biasing can be maximized.  

Of major importance is acceptance from boiler operators.  If operators want to stick with old procedures and operating conditions, the effectiveness of the technology may not be realized.  



Compatibility with other air pollution control technologies:

Combustion monitoring and tuning can be implemented with both Low NOx combustion approaches (e.g. LNBs) and post combustion technologies (SNCR/SCR).  However, the overall NOx reductions are not strictly additive and careful evaluation is required to ensure cost effective strategies.

Secondary Environmental Impacts:

Combustion monitoring and tuning has the potential to affect both positive and negative secondary environmental impacts depending on factors such as the fuel, burner stoichiometries, boiler physical  characteristics, etc.

The following are potential impacts that must be analyzed on an individual unit basis 

· CO may increase due to stoichiometry in the burner zone

· LOI may increase due to increased staging  

· ESP performance may degrade with increased LOI
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Process:  Iron Slag Addition (CemStar)

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

 Cement Kilns
 41,009
 12-30%
 0-100
 Commercial

Process Description:  

Change cement formulation by adding waste iron to lower clinkering temperature and suppress NOx.  The iron waste is usually supplied from local steel production facilities, which limits the technology to certain geographical areas.  

NOx Reduction:

NOx reduction is achieved by reducing clinkering temperature as well as the required heat input to produce a ton of clinker.  The technology reduces total NOx emissions by about 20 to 30%, and also may increase clinker production.   



Cost Information:

Iron addition provides an overall economic benefit while reducing total NOx emissions.  The technology is currently being used at several cement plants for its original purpose of increasing production capacity.  There are no capital costs for installing the technology.  Operating and maintenance costs depend on the cost of the iron (shipping can be a large portion of this cost).  

Development Status:  

Commercially available.  



Practical Considerations:

There is a limit to how much iron that can be incorporated into the clinker.  Cement product specifications may limit or prevent use of this technology for some products.  



Compatibility with other air pollution control technologies:

Should not affect other control systems.  



Secondary Environmental Impacts:

None expected.  



References:

NESCAUM, “Status Report on NOx Controls for Gas Turbines, Cement Kilns, Industrial Boilers, Internal Combustion Engines; Technologies and Cost Effectiveness.”  December 2000.

Process:  Kiln temperature control

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

 Cement Kilns
 41,009
 0 to 20%
 200-500
 Commercial

Process Description:  

Add temperature-monitoring device to kiln controls to minimize high-temperature excursions where more NOx is emitted.  

NOx Reduction:

NOx reduction is achieved by measuring a characteristic flame-zone temperature and then controlling heat input to maintain that temperature.  Without direct temperature measurement, temperatures fluctuate within a wide range since clinker formation is an exothermic reaction.  When clinker formation slows down or stops, temperatures fall.  Operators respond with a large burst of fuel that sends temperature up by as much as 500 (F.  Then they back off the fuel input. Temperature measurement helps operators avoid losing clinker formation and thus maintain relatively steady kiln temperatures.   



Cost Information:

Capital cost for the technology includes installation of a continuous temperature monitor along with control system upgrades to tie the temperature signal into the coal feed rate.  Operating cost should not change unless lower temperatures adversely affect cement quality.  



Development Status:  

Commercially available.  



Practical Considerations:

The dynamics of a cement kiln are very difficult to control, even with direct temperature measurement and control.  Each kiln will react differently.  It will require considerable operator experience to minimize the temperature on each kiln.  



Compatibility with other air pollution control technologies:

Should not affect other control systems.  



Secondary Environmental Impacts:

None expected.  



References:

U.S. Environmental Protection Agency. “Alternative Control Techniques Document: NOx Emissions from Cement Manufacturing.”  EPA Document No. EPA-453/R-94-004, January 1994.  
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Process:  Low-Emission Combustion (LEC)

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Reciprocating Engines
86,210
80-90%
190-700
Commercial

Process Description:  

NOx formation from a spark-ignited engine is highest when the mixture is slightly fuel-lean.  LEC enhances the effectiveness of the air/fuel ratio method by enabling much deeper leaning without the adverse effects associated with lean mixtures.  Additional combustion air acts as a heat sink, lowering the temperature in the cylinder and reducing NOx formation.  Deeper leaning can be achieved by relocating the spark plug to a precombustion chamber (may use High-Energy Ignition, see associated description) where the mixture is somewhat richer than in the cylinder.  Early sparking avoids problems associated with ignition and misfiring that can result form leaning the mixture.  Some smaller engines use an “open chamber” LEC design instead of a precombustion chamber.  These designs typically incorporate improved air-fuel mixing systems to achieve stable combustion under very lean conditions.

NOx Reduction:

Large, stationary spark-ignition engines usually achieve 80% NOx reduction through a LEC Retrofit.  A NOx emission level of 125 ppm (at 15% oxygen) is an achievable exhaust NOx value.  Up to 90% reduction can be achieved in natural gas engines, and about 60-70% for landfill gas engines (probably due to lower initial NOx from the lower heating-value landfill gas).

Engines with open-chamber LEC technology typically are designed for excess air levels only slightly above 50%, while engines with precombustion chambers typically are designed for excess air levels of 75-100%.  Consequently, prechambered engines have generally lower NOx emissions than do open-chamber models.

Cost Information:

The capital cost of retrofitting these engines depends on the engine BHP.  For engines firing a single fuel, retrofits have been implemented costing $340/hp for 3400hp engines.  A lower capital cost is expected for smaller, medium-speed engines, about $200/hp.  Dual-fuel engines have much greater capital  costs.  For these engines (larger than 1,000 hp), the capital cost can be estimated by 

Capital Cost = $405,000 + ($450 x hp).

Retrofitting a 2,500 hp engine is projected to cost $615/hp.

Development Status:  

Commercially available

The California Air Resources Board considers LEC Retrofit a Reasonably Available Control Technology (RACT) for large spark-ignition engines.  LEC based on precombustion chamber technology has been in use for over 20 years.  All major manufacturers of lean-burn spark ignition engines offer LEC-equipped models.  Retrofit kits are also available.

Practical Considerations:

Available for spark-ignition engines fired with gaseous fuels including dual-fuel engines operating in dual-fuel mode (as opposed to firing only diesel fuel).  LEC can cause some fuel efficiency decrease.  A reasonable fuel efficiency penalty is estimated to be on the order of 0.5%.

Turbocharging and intercooling are required to avoid derate.  In retrofit situations, this typically involves upgrading or replacing the turbocharger and intercooler, or adding this equipment.  

Other equipment associated with increased air flows may also need to be modified for LEC, such as the air intake and filtration system, the intercooler radiator, and the exhaust system and muffler.  To maintain the optimum A/F ratio, an automated A/F ratio controller typically is used.

The challenge with very lean combustion is to achieve proper ignition and stable combustion.  Vendors of LEC technology (i.e., engine manufacturers and third-party retrofitters) have met these requirements with some combination of improved combustion chamber design, enhanced air-fuel mixing, and improved ignition systems.  

Compatibility with other air pollution control technologies:

Compatible with post-combustion NOx technologies (SCR, NSCR).  However, the overall NOx reductions are not strictly additive and careful evaluation is required to ensure cost effective strategies.

Secondary Environmental Impacts:

Emissions of products of incomplete combustion can increase. 
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Process:  Low-NOx Burners

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

Coal-Fired Boilers
607,748
 30 to 60%
 200-1000
 Commercial

Cement Kilns
41,009
 0 to 20%
 500-1000
 Commercial

Oil/NG Boilers
32,910
 30 to 60%
 200-1000
 Commercial

Glass Manufacturing
5,033
~ 40%
790-1,680
 Commercial

Refinery Process Heaters
9,311
30 to 60%
5,900 (with FGR)
 Commercial

Process Description:  

LNB’s operate on the principal of carefully controlling the rate of mixing of air and fuel within the flame so that peak flame temperatures are low and fuel-bound nitrogen is released in a region where the concentration of oxygen is very low.  This inhibits the formation of both fuel and thermal NOx by reducing the concentration of oxygen in the flame zone.  Most LNB’s work by limiting the amount of air in the primary flame creating a central fuel-rich flame core.  Additional air is introduced to surround the primary flame where the temperature is lower, limiting thermal NOx formation.  A few low-NOx burners split the coal flow into two or more streams to create multiple fuel-rich regions.  One Japanese burner concentrates the coal-primary air mixture, and introduces the dilute coal stream downstream of the burner while air is introduced only to the primary flame.  The fuel introduced into the primary flame zone results in a high temperature fuel rich central flame.  The balance of coal is added outside the primary flame where it burns at a lower temperature.  

NOx Reduction:

Full load NOx reductions with Low-NOx Burners can be expected to range from 30% to 60% depending on factors such as:

· Fuel type.  

·      Initial NOx level.  

·      Excess air

· Operational flexibility of the boiler or furnace.  

For coal-fired boilers, NOx emissions rates as low as 0.15 lb/MBtu are achievable, particularly when burning low rank coals.  However, the fuel nitrogen content of coal is such that significantly lower emission rates are probably not possible with coal.  Lower emission rates can be achieved with natural gas.  Installing Low-NOx burners is usually the first step taken to reduce NOx emissions.   

Cost Information:

In general, the capital costs for burners range from $10,000 to 50,000 per burner plus installation.  The lower end of this range applies when existing burners are modified instead of replaced to achieve lower NOx.  Operating costs are negligible unless increased unburned carbon results in lost revenues from ash sales.  An outage is generally required when implementing this technology, but coal-flow sensors and adjustable orifices are best installed when a mill is out of service.  

Development Status:  

Commercially available.  



Practical Considerations:

Since low-NOx Burners usually produce longer flames, the size and shape of the furnace could cause problems for some installations.  Flame impingement on sidewalls or rear wall can result in ash deposits, corrosion, or unacceptable unburned carbon in the flue gas.  Most burners have optional configurations to shape the flame at the expense of less NOx reduction.  



Compatibility with other air pollution control technologies:

Low-NOx burners can be implemented with other NOx-control technologies such as OFA, SNCR, or SCR.  In general, the NOx reduction achieved with LNB make post-combustion NOx control technologies more cost-effective.  



Secondary Environmental Impacts:

Low-NOx burners can cause both positive and negative secondary environmental impacts depending on factors such as the fuel, burner stoichiometries, boiler physical characteristics, etc.

The following are potential impacts that must be analyzed on an individual unit basis 

· CO may increase due to stoichiometry in the burner zone

· LOI may increase due to increased staging  

· ESP performance may degrade with increased LOI or finer particulate.  

 

References:
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Process:  Low-NOx Calciners

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

 Cement Kilns
 41,009
 30 to 50%
 1000-5000
 Commercial

Process Description:  

Replace the riser duct in existing preheater/precalciner kilns with new equipment designed for staged combustion.  The new duct has separated air and fuel injection points, and extended residence time downstream of the final air addition point to assure acceptable burnout and minimize CO or hydrocarbon emissions.  

NOx Reduction:

NOx reduction is achieved by creating two separate combustion zones.  The burner zone is fired fuel-lean to create the high temperatures needed for clinker formation.  Limestone calcination, which takes place at temperatures in the range of 1600 to 1800 (F, is accomplished in the second combustion zone in the tower.  NOx reductions as high as 50% can be achieved by controlling the size of the fuel-rich region in the second combustion zone.  Conversely, if combustion is fuel lean or well mixed in the second zone, NOx will not be reduced.  The ideal stoichiometric ratio in the calciner is 0.7 to 0.8.  Some systems do not perform well because the second combustion zone is too fuel-rich (SR < 0.6), causing significant NOx production when the staging air is added.  



Cost Information:

Capital cost for the technology includes additional injectors, ductwork and controls.  In some cases, the cyclones used to improve gas-solids contact are also replaced.  Capital cost range from  $500,000 and 5,000,000 depending on how much of the existing tower is replaced.  Operating costs should not change unless cement quality degrades due to lower temperatures or locally reducing conditions.  An outage is required to install the new equipment.  



Development Status:  

Commercially available.  

Practical Considerations:

Space to fit the newer larger equipment may not be available in all kilns.  

Compatibility with other air pollution control technologies:

Reducing conditions may increase sulfur emissions or require additional SO2 emission controls.  

Secondary Environmental Impacts:

None expected.   

References:

Rother, R. and Kupper, D., “Staged Fuel Supply – An Effective Way of Reducing NOx Emissions”, Zement-Kalk-Gips, No. 9.  1989.  

Process:  Mid-Kiln or Tower Tire Injection

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

 Cement Kilns
 41,009
 15-30%
 0-1000
 Commercial

Process Description:  

Cement kilns are normally fired with a single open-pipe burner fueled by coal or natural gas.  However, a portion of the main fuel may be replaced by a waste fuel injected in the mid-kiln region of long, wet or dry kilns, or in the calcining region of tower kilns.  Special injectors have been designed to time the introduction of two to four tires into the mid-kiln region as the kiln rotates.  Due to rotation, tires can only fall into the kiln once per revolution when the door is on top.  Alternately, tires can be dropped into the tower where temperatures are high enough to support combustion.  

Mid-kiln tire injection is attractive because it not only reduces NOx but also generates revenue in the form of tipping fees and reduced fuel requirements.  Cadence Environmental Energy, a subsidiary of Ash Grove Cement, offers an automated whole-tire injection system, including a fork that picks up the tires and drops them into the kiln through a gate assembly.  A second option is to set up a tire shredding operation on site and inject tire flake into the kiln.  



NOx Reduction:

NOx is lowered by burning some of the fuel at a lower temperature, and by creating pockets of fuel-rich gas as the tires decompose.  Hydrocarbons from tire destruction can reduce NOx formed in the burner flame.  Results to date have varied from 15 to 30% NOx reduction, depending on:  

·      Kiln type.    

· Number of tires injected.  

· Injection temperature.  

In some installations, a booster fan has been mounted on the kiln downstream of the tire injection point to provide additional burnout air.  This “NOx fan” gets rid of the high CO or smoke emissions caused by the tires, and may allow operation at higher tire injection rates.  

 Cost Information:

The capital costs for installing a mid-kiln tire injection system are about  $2 to 4M.  Operating and maintenance costs should not be affected.  Often the installation of this technology is driven by the tipping fee revenue generation.  If this is possible, injector costs can be recovered within a few years.  

An outage is required when implementing this technology, but downtime can be minimized at sites where space is sufficient for installing the injection system ahead of time (without getting in the way of kiln operation).  

Development Status:  

Commercially available.  

Practical Considerations:

The main purpose of a cement kiln is to produce as much high-quality clinker as possible at the lowest energy cost. Over-feeding tires creates locally reducing conditions that cause smoke, soot, and spoil the naturally occurring sulfur capture in the clinker resulting in higher SO2 emissions.  The practical limit on tire injection is replacement of about 10 to 30% of the fuel, depending on the kiln design.  Also, since tires are injected every two minutes, the NOx emissions rise and fall erratically, making control very difficult.  

Compatibility with other air pollution control technologies:

High airflows from the NOx fans can cause increased carryover of cement kiln dust (CKD) into the exhaust.  Reducing conditions in the flame zone increase SO2 emissions.  

Secondary Environmental Impacts:

Combustion monitoring and tuning has the potential to effect both positive and negative secondary environmental impacts depending on factors such as the fuel, burner air-fuel ratio, kiln design, etc.

The following are potential impacts that must be analyzed on an individual unit basis 

· CO, hydrocarbons and soot emissions may increase due to tire byproducts escaping the secondary combustion zone.  

· SO2 may increase due to increased staging.  

· ESP performance may degrade with increased CKD.  

References:

U.S. Environmental Protection Agency, “Alternative Control Techniques Document: NOx Emissions from Cement Manufacturing.”  EPA Document No. EPA-453/R-94-004, January 1994.  
“Stick a Fork in It”.  Product Brochure from Cadence Inc., 1997.  

Process:  Non-Selective Catalytic Reduction (NSCR)

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

IC Engines, rich-burn only
 111,488
 40-98%
 < 500
 Commercial

Process Description:  

In NSCR, the engine exhaust is routed to a catalyst bed across which NOx is reduced to nitrogen gas.  At the same time, VOC and carbon monoxide are oxidized to water and carbon dioxide.  Because the catalyst reduces emissions all three of these pollutants, NSCR is often referred to as a “three-way catalyst” system.  These systems are similar to the catalytic converters used on automobiles.

For an NSCR system to operate optimally (i.e., to minimize NOx emissions), the inlet exhaust stream must have very low oxygen content, as well as proper concentrations of NOx, hydrocarbons, and carbon monoxide.  This requires initial engine adjustments, followed by careful monitoring of oxygen content in the exhaust.  For this reason, an automatic air-fuel (A/F) ratio controller typically is used to regulate the exhaust oxygen content entering the catalyst bed.  The controller adjusts the A/F ratio based on input from an oxygen sensor upstream from the catalyst bed.

Because of the requirement for low oxygen content, NSCR systems are limited to rich-burn SI engines.

NOx Reduction:

This source indicates that these catalyst systems reduce NOX emissions by over 98 percent, while reducing VOC by 80 percent and carbon monoxide by over 97 percent.  NOx levels in the range of 0.1 to 1.0 g/bhp‑hr have been achieved.  

Cost Information:

Capital cost for NSCR includes the catalyst as well as the addition of oxygen sensors and controls.  Catalyst replacement generally occurs after about 20,000 hours of operation.  

Development Status:  

Commercial.  Information from vendors of NSCR systems indicates that NSCR three-way catalysts have been installed on over 1,000 IC engines in the United States and have been in use for over 10 years.  .  

Practical Considerations:

The engine adjustments required to optimize NSCR systems typically reduce the efficiency of the engine, harming fuel economy.  The biggest operational problem associated with NSCR has been damage to the catalyst caused by excessive temperature.  This is caused when the exhaust stream is too fuel rich.  In this situation, the uncombusted natural gas is rapidly oxidized in the catalyst bed, burning it out.  At about 1,300 oF, the catalyst sustains damage.

Compatibility with other air pollution control technologies:

Enhanced removal of CO and VOC can be achieved.  

Secondary Environmental Impacts:

None expected.  

References:

Manufacturers of Emission Controls Association.  “Emission Control Technology for Stationary Internal Combustion Engines.”  Status Report, July 1997.  

Edgerton, S. W., Lee-Greco, J., and Walsh, S.  “Stationary Reciprocating Internal Combustion Engines Updated Information on NOx Emissions and Control Techniques (Final Report).” EPA contract No. 68-D98-026, EC/R Incorporated, Chapel Hill, NC, August 29, 2000.

Process:  NOxTech

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Reciprocating Engines
86,210
90-95%
~ 1000
Commercial

Process Description:  

According to product literature, the NOxTech® emission control system, developed by NOxTech Inc., NOxTech is an automated system in which exhaust gases are chemically treated with a nonhazardous liquid chemical.  The technology involves replacing the engine exhaust silencer with a reaction chamber where NOx and reagent react to form nitrogen, water vapor, and carbon dioxide.  The non-catalytic chemical reagent is injected into the exhaust at temperatures between 1,400 and 1,500 °F.  

NOx Reduction:

The vendor states that NOxTech has been proven to remove 90-95% of NOx, as seen in the 4,000-bhp diesel-powered generator on Catalina Island.

Cost Information:

Based on vendor literature, self-sustained, gas-phase autocatalysis reduces emissions of NOx are reduced at costs as low as $1,000/ ton.  

Development Status:  

Commercially available

As of August 2000, the system has been installed and is operating on several diesel generators in California.  Based on commercial performance in these engines, NOxTech has been demonstrated as BACT for some diesel engines.

Practical Considerations:

The exhaust gas must be heated to achieve the temperatures necessary for the NOxTech system reactions.  A heat exchanger should be placed downstream from the reactor to reclaim and reuse this heat energy.

Compatibility with other air pollution control technologies:

Compatible with low-NOx combustion approaches (LNB, combustion modification).  Can be used to augment LEC.

Secondary Environmental Impacts:

Technology also potentially removes 60-80% of particulate matter, 90% of VOC, and 50-70% of carbon monoxide from the exhaust, as seen in the 4,000-bhp diesel-powered generator on Catalina Island.

The process produces trace ammonia emissions of less than 2 to 5 ppmv.

References:

Edgerton, S. W., Lee-Greco, J., and Walsh, S.  “Stationary Reciprocating Internal Combustion Engines Updated Information on NOx Emissions and Control Techniques (Final Report).” EPA contract No. 68-D98-026, EC/R Incorporated, Chapel Hill, NC, August 29, 2000.

NOxTech Inc.  “NOxTech® Technology.” website.  www.noxtechinc.com/products.htm.

NOxTech Inc.  Letter and attachments from E. Cazzola to Mary Jo Krolewsky, U. S. EPA Acid Rain Division.  April 12, 1999.



Process:  Overfire Air (OFA)

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Coal-fired boilers
607,748
20-40%
250-600
Commercial

Oil/NG boilers
32,910
40-80%
1,000-2,000
Commercial

Wood/Biomass boilers
9,776
20-60%
200-2,000


Process Description:  

OFA, like LNB’s, represents practical approaches to minimizing the formation of NOx during combustion.  Simply, this is accomplished by "controlling" the quantities and the way in which fuel and air are introduced and mixed in the boiler (referred to as staging).

In the case of OFA, the approach consists of diverting some of the combustion air (typically up to about 30%) to dedicated injection nozzles (called OFA ports) located some distance above the burner or main combustion zone. Variations include the design and location of the OFA ports, the supply of air to the OFA (either directly from the windbox, or from a dedicated booster fan).

NOx Reduction:

OFA, which can be used separately or as a system with LNBs, is capable of NOx reductions of 20% - 40% from uncontrolled levels, when used alone.  The type of boiler (e.g., dry vs. wet-bottom, wall- vs. tangential-fired, NSPS vs. pre-NSPS, etc.) and the type of fuel will influence the actual performance achieved.

 Cost Information:

OFA technologies have little or no impact on operating costs (other than the potential for an increase in unburned carbon - efficiency loss -, and the resulting impact on ash disposal options).  Retrofit costs are site-specific.  As such, the economics of these technologies are driven by capital/retrofit costs which typically range from $5-$10/kW, with the lower range reflecting easier application whereas the higher costs are typically associated with more difficult and involved retrofits.

From a schedule standpoint, OFA retrofit projects can require outages of 3 – 6 weeks, depending on factors such as scope of work, integration with other plant outage requirements, etc.

Development Status:  Commercial

OFA and LNB’s are the most prevalent in the power industry at present.  Plants that have had to comply with Title IV of the CAAA of 1992 have largely used these technologies for compliance.  Competing manufacturers have proprietary designs, geared towards application in different boiler types, as well as reflecting their own design philosophies.  

Practical Considerations:

Boilers with the following design and operating characteristics are expected to be more suitable candidates for OFA applications:

· firing lower-sulfur fuels (e.g., less propensity for waterwall corrosion)

· low baseline unburned carbon (e.g., to minimize ash salability impacts).

· favorable cross-section/height profiles (e.g., tall boilers which provide for adequate mixing/residence time to maximize effectiveness).

· units with existing burners in good operating condition, 

· Potential O&M impacts due to combustion NOx controls include:

· Change in optimum excess air level: 0.5-1.5 percentage points increase in excess O2 is possible 

· 3-5 percentage points increase in LOI is possible; in general, as higher NOx reduction is being sought, the higher the probability for increased LOI (NOx vs. LOI trade-off)

· Changes in reheat and superheat steam temperatures (typically lower by 20-50 degrees F) are possible in some applications.

Compatibility with other air pollution control technologies:

OFA technologies are often used in conjunction with LNB’s. As a main combustion based NOx control approach, OFA is fully compatible with other NOx controls including LNB’s, reburning (OFA is an integral component of reburning), as well as the post combustion technologies such as SNCR and SCR

Secondary Environmental Impacts:

OFA, like all combustion modification approaches face a common challenge: that of "striking a balance" between NOx reduction and fuel efficiency. The concern is exemplified by the typically higher carbon levels in the fly ash, which reflect lower combustion efficiency but also the contamination of the fly ash itself possibly making it unsuitable for reutilization (e.g., cement industry).

References:

EPRI, “Retrofit NOx Control Guidelines for Gas- and Oil-Fired Boilers”, Final Report, December 1993.

EPRI, “Retrofit NOx Controls for Coal-Fired Utility Boilers – 1996 Update Addendum”, May 1997.

EPRI, “Retrofit NOx Controls for Coal-Fired Utility Boilers – 2000 Update”, EPRI Final Report, December 2000  

Process:  Oxy-Fuel Firing

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

Glass Manufacturing
 5,033
 80-85%
 2,150-4,400
 Commercial

Process Description:  

Oxy-fuel melting involves the replacement of the combustion air with oxygen (>90% purity).  The technique can be used with either natural gas or oil as the fuel, although the use of gas is more common.  The elimination of the majority of the nitrogen form the combustion atmosphere reduces the volume of the waste gases (composed mainly of CO2 and water vapor) by 70-85 % depending on oxygen purity.  In general, oxy-fuel furnaces have the same basic design as recuperative melters, with multiple lateral burners and a single waste gas exhaust port.  In the most modern furnaces the geometry is optimized for oxy-fuel firing and   minimization.  Furnaces designed for oxygen combustion do not currently utilize heat recovery systems to pre-heat the oxygen supply to the burners, due to safety concerns; however, the technique potentially involves substantial energy savings because it is not necessary to heat the atmospheric nitrogen to the temperature of the flames.  The formation of thermal NOx is greatly reduced because the main source of nitrogen in the furnace is much lower.

NOx Reduction:

Compared to air-fuel fired furnaces, NOx emissions are generally reduced by 70-90%.  This reduction equates to:

· <1 kg/ton glass for fiber and container glass furnaces

· 1-2 kg/ton glass for special glass (without nitrate addition)

The latest versions of oxy-fuel burners combined with optimized furnace design and operation can in some cases reduce emissions to 0.3-0.8 kg NOx/ton of glass melted.  No information is available for emissions from flat glass production, but emissions of 0.5 to 1.5 kg/ton of glass melted are considered likely.

Cost Information:

In general, capital costs for oxy-fuel firing are $1,930K-$9,810K.  An important factor in the capital cost is that oxy-fuel furnaces do not have a conventional combustion gas preheat system and so the capital cost is generally lower than for a regenerative or recuperative furnace of comparable pull-rate.  In most applications, the determining factor regarding cost effectiveness of oxy-fuel firing will be the difference between the energy savings and the costs of the oxygen compared with the costs of alternative NO abatement techniques.

Development Status:  

Commercially available

It is estimated that 5-10% of the world’s glass production is made with oxy-fuel melting, but this figure varies between the sectors.  There are several examples of oxy-fuel furnaces operating successfully in the following sectors: container glass, glass wool, special glass (particularly TV glass), continuous filament glass fiber, and frits.  Trials have been carried out in the domestic glass sector resulting in good NOx reduction, but problems occurred with severe foaming.  The problems encountered in domestic glass production are similar to those initially encountered in other applications e.g. container glass.  Similar solutions are likely to be possible but the higher quality requirements make them more difficult to apply.  There are several examples of the technique operating successfully for domestic glass production worldwide.  Considerable development work is being undertaken and the number of plants and the level of operating experience are increasing.

Practical Considerations:

The merits of oxy-fuel firing vary greatly from case to case depending on furnace size and availability of pure oxygen.  The technique is most effectively installed during furnace rebuild.  Hot installation may lead to energy savings and to an increased pull rate; however, it is unlikely to result in lower NOx emissions, and there is a danger of accelerated refractory wear.

Furnace waste-gas temperature can be very high, 1200-1300 °C and will usually require cooling.  Due to high water content and concentration of corrosive species, cooling is usually by dilution with air.  The higher temperatures associated with the technique can result in higher refractory wear.

Oxygen required for combustion can be supplied either by delivery to the site or by on-site production.  Except for very small applications, the amounts of oxygen required usually make it more economical to produce the oxygen on-site.

Compatibility with other air pollution control technologies:

Addition of a cullet preheating system, which can also reduce NOx and other emissions by reducing the amount of fuel required, can add to the energy savings of oxy-fuel firing by recovering heat from the waste gases.  See cullet preheating description.

Secondary Environmental Impacts:

Oxy-fuel firing can also help to reduce overall emissions of volatile materials form the furnace (particulates, fluorides, chlorides etc.), due to reduces gas flow over the melt and in some cases reduced turbulence.

· Particulate emissions in soda-lime glass can be reduced to 0.2-0.3 kg/ton.

· Particulate emissions most effectively reduced for boron containing glasses (up to 50%).

· Reduction in fuel usage leads to lower SO2 emissions for oil-fired furnaces.

Concentrations of all pollutants may actually be higher due to reduced gas volume, although the absolute emission is reduced.  Dilution with cooling air usually brings the concentrations closer to more normal levels.

References:

European IPPC Bureau.  “Reference Document on Best Available Techniques in the Glass Manufacturing Industry.”  Seville, Spain, October, 2000.



Process:  Oxygen-Enhanced Combustion Modifications

Category
NOx, TPY (WRAP 1996)
%NOx reduction
Cost, $/ton
Status

Coal-fired Boilers
 607,748
 30 to 80%
 1,000-2,000
 Near Commercial

Cement kilns
 41,009
 0-20%
 100-1000
 Commercial

Process Description:  

In coal-fired boilers, O2 injection is used to improve effectiveness of OFA operation.  Small amounts of oxygen are introduced into the burner zone through specially designed lances.  The added O2 creates a local hot spot that increases the rate of coal volatile release, encourages more NOx reduction, and enables more fuel-rich operation where less NOx is formed.  The technology has been demonstrated on a 44-MW coal-fired boiler.  

In cement kilns, oxygen lances are used to create a hot spot in the flame zone and achieve higher kiln throughput (increase clinker production).  In doing so, NOx is not reduced but NOx emission rates (lb. NOx/ton of clinker) goes down in proportion to the increase in production.  O2 injection achieves even higher production when cement kiln dust (CKD) is co-injected.  The CKD also quenches peak flame temperature to achieve some reduction in thermal NOx formation.  

NOx Reduction:

In the coal-fired boiler demonstration, conventional OFA reduced NOx to around 0.35 to 0.40 lb./MBtu.  O2 injection lowered the NOx further to around 0.22 to 0.25 lb./MBtu, while also decreasing LOI and opacity, and allowing better steam temperature control when firing bituminous coal.  NOx reductions down to 0.16-0.19 lb./MBtu were achieved when the unit switched to a blend of 90% sub-bituminous and 10% bituminous coal.  

In the cement industry, oxygen injection has achieved 0 to 20% NOx reduction in conjunction with a 0-5% kiln capacity increase.   Increased capacity (when it occurs) is the primary cause of the NOx reduction.  

Cost Information:

The primary cost of all these applications of oxygen-enhanced combustion is the cost of the oxygen.  Oxygen required for combustion can be supplied either by delivery to the site or by on-site production.  Except for very small applications, the amounts of oxygen required usually make it more economical to produce the oxygen on-site.  Capital cost for oxygen storage and delivery systems range from $100,000 when pipeline gas is used, to $1,500,000 when on-site storage is required.  In general, capital costs are $1,930K-9,810K when on-site generation is chosen.  

An important factor for the capital cost of oxy-fuel firing is that oxy-fuel furnaces do not have a conventional combustion gas preheat system and so the capital cost is generally lower than for a regenerative or recuperative furnace of comparable pull-rate.  In most applications, the determining factor regarding cost effectiveness of oxy-fuel firing will be the difference between the energy savings and the costs of the oxygen compared with the costs of alternative NOx abatement techniques.

Development Status:  

The coal-fired boiler technology needs to be demonstrated over several months to show effectiveness, reliability, and safety.  Such a demonstration is expected to begin during the summer of 2003.  The technologies are commercially available for application to cement and glass manufacturing.  

Practical Considerations:

Using oxygen enrichment results in less flue gas flow since it eliminates the nitrogen in the air it replaces.  The merits of oxy-fuel firing vary greatly from case to case depending on furnace size and availability of pure oxygen.  The technique is most effectively installed during furnace rebuild.  Hot installation may lead to energy savings and to an increased pull rate; however, it is unlikely to result in lower NOx emissions, and there is a danger of accelerated refractory wear.

Furnace waste-gas temperature can be very high, 1200-1300 °C and will usually require cooling.  Due to high water content and concentration of corrosive species, cooling is usually by dilution with air.  The higher temperatures associated with the technique can result in higher refractory wear.

Many potential users do not want to own and operate an air-separation plant.  Oxygen suppliers offer to build, own, and operate the air separation system in return for a long term contract for oxygen sales.  

Compatibility with other air pollution control technologies:

Oxygen-enhanced combustion on coal-fired boilers can only be effective when implemented with OFA.  If O2 is added to an unstaged flame, NOx emissions will increase.  The technology can also be combined with SNCR or SCR for greater NOx reductions.  O2 can also be used with post-combustion NOx control technologies in cement kilns and glass melters.  

Secondary Environmental Impacts:

Oxygen-enhanced combustion may lessen the impacts of staged combustion.  The following are potential impacts that must be analyzed on an individual unit basis: 

· CO may increase due to stoichiometry in the burner zone

· LOI may increase due to increased staging  

· ESP performance may degrade with increased LOI or finer particulate.  

Oxy-fuel firing can also help to reduce overall emissions of volatile materials from the kiln or furnace (particulates, fluorides, chlorides etc.), due to reduced gas flow and in some cases reduced turbulence.

· Particulate emissions in soda-lime glass can be reduced to 0.2-0.3 kg/ton.

· Particulate emissions most effectively reduced for boron containing glasses (up to 50%).

· Reduction in fuel usage leads to lower SO2 emissions for oil-fired furnaces.

Concentrations of all pollutants may actually be higher due to reduced gas volume, although the absolute emission is reduced.  Dilution with cooling air usually brings the concentrations closer to more normal levels.

References:

U.S. Environmental Protection Agency, “Alternative Control Techniques Document: NOx Emissions from Utility Boilers”.  EPA Document No. EPA-453/R-94-023, July 1994. 

Bool, L., “NOx Reduction from a 44MW Wall-Fired Boiler Utilizing Oxygen-enhanced Combustion”, EPRI/DOE/EPA Mega Symposium, Washington, May 2003 

Process:  Pre-Stratified Charge

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Reciprocating Engines
86,210
80-95%
<500
Commercial

Process Description:  

Air is injected into the intake manifold so that during the intake stroke, the piston initially draws in air, followed by a fuel-rich air-fuel mixture.  Thus, the mixture near the spark plug is fuel rich, promoting good combustion, while the mixture away form the spark plug is very lean, acting a s a heat sink and suppressing NOx formation.  

NOx Reduction:

From tests for ten engine models ranging from 100 to 800 bhp, NOx emissions ranged from about 0.1 g/bhp-hr to 9.5 g/bhp-hr, with a mean of 0.6 g/bhp-hr.  Engines ranging from 300 to 800 bhp averaged 95% reduction, while tests on engines less than 50 bhp showed NOx reductions averaging 77%.

Vendors guarantee the achievable NOx emission level of 2.0 g/bhp-hr.

 Cost Information:

See EPA Report below.



Development Status:  

Commercially available.  In commercial use since 1980s.

Practical Considerations:

Applicable only to carbureted (i.e. non-fuel-injected) rich-burn engines.  May cause some power derating; 20% has been observed.  While the PSC system itself requires very little maintenance, the engines require more frequent overall maintenance.

Compatibility with other air pollution control technologies:

Compatible with exhaust gas recirculation (EGR), with air injected by PSC system coming form the engine’s exhaust.  May also be used in conjunction with post-combustion technologies.  However, the overall NOx reductions are not strictly additive and careful evaluation is required to ensure cost effective strategies.

Secondary Environmental Impacts:

Possible increase in CO and VOC emissions.  

References:

Edgerton, S. W., Lee-Greco, J., and Walsh, S.  “Stationary Reciprocating Internal Combustion Engines Updated Information on NOx Emissions and Control Techniques (Final Report).” EPA contract No. 68-D98-026, EC/R Incorporated, Chapel Hill, NC, August 29, 2000.

Process:  SCONOx Technology

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Reciprocating Engines
86,210
95%
Not available
Commercial

Oil/NG boilers
32,910
70-99%
Not available
Commercial

Turbines
25,278
>90%
>7,000
Commercial

Process Description:  

The SCONOx system adds a chemical reactor for NOx sorption using a catalyst/sorbent to remove NOx, carbon monoxide, and VOC.  NOx is oxidized in the presence of a platinum-based catalyst and the resulting NO2 is adsorbed onto a potassium carbonate sorbent, forming potassium nitrites.  The sorbent must be regenerated periodically by passing a controlled mixture of regeneration gases across its surface in the absence of oxygen.  Regeneration gases react with the nitrites to form water and elemental nitrogen.  The system is installed as a bed of sorbent/catalyst.  A system of louvers and piping allows portions of the bed to oxidize and adsorb pollutants and other portions of the bed to undergo regeneration.

NOx Reduction:

The first commercial installation in gas turbines achieved NOx​ emissions below 2 ppm, a reduction of over 90%. 

Vendor testing shows SCONOx reduced NOx emissions in natural gas-fired reciprocating engines up to 95%.  Preliminary testing in diesel engines found the technology reduced NOx by 98.9% to 0.4 g/bhp-hr.

Cost Information:

Cost for Gas Turbine application is preliminary and from DOE reference below.

Development Status:  

Commercially available

First commercial installations in gas turbines commenced in 1999.  Commercial applications for natural gas-fired reciprocating engines went online in 2000.  Diesel applications were sold in 2000, but further information is unavailable.

Practical Considerations:

The technology was initially applied only to gas turbines, but variations have been developed for natural-gas and diesel-fired reciprocating engines.

Regeneration gas flow is about 1 percent of exhaust gas flow.  Typically, natural gas is converted to hydrogen in a reformer at 600-900 (F to produce the regeneration gas.  The regeneration step is complicated and the reformer requires additional labor and maintenance.  

Exhaust temperatures should be controlled at 600-700 (F for best NOx reduction.  Performance also improves as exhaust gas oxygen levels approach zero.  Temperature and O2 control may be difficult at some sites.  The catalyst is de-activated by soot or sulfur species, so catalyst must be cleaned every 20,000 hours.  
SCOSOx is required to remove SO2, which would otherwise poison the SCONOx catalyst.  SCOSOx requires regeneration similar to SCONOx.

Compatibility with other air pollution control technologies:

Due to the emerging nature of the technology, little is discussed about compatibility with other technologies. Based on tests with LEC engines, issues regarding increases in CO/VOC may be of concern    

Secondary Environmental Impacts:

Carbon monoxide and VOC are also reduced up to 95%.

References:

Edgerton, S. W., Lee-Greco, J., and Walsh, S.  “Stationary Reciprocating Internal Combustion Engines Updated Information on NOx Emissions and Control Techniques (Final Report).” EPA contract No. 68-D98-026, EC/R Incorporated, Chapel Hill, NC, August 29, 2000.

Amar, K.P., Staudt, J.  “Status Report on NOx Controls for Gas Turbines, Cement Kilns, Industrial Boilers, Internal Combustion Engines; Technologies and Cost Effectiveness.”  Northeast States for Coordinated Air Use Management,  Boston, MA, January, 2001.

Goal Line Environmental Technology News.  “Cummins Engine Co.  Tests SCONOx® for Diesel IC Engines.” Oct 1999. Vol 1, Issue 3.

Process:  Selective Catalytic Reduction (SCR)

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Coal-fired boilers
607,748
70-90%
1,500-2,000
Commercial

Reciprocating Engines
86,210
75-90%
<1,000
Commercial

Oil/NG boilers
32,910
70-90%
2,000-10,000
Commercial

Turbines
25,278
~90%
500-10,000
Commercial

Refinery Process Heaters
9,311
75-90%
3,700-11,000
Commercial

Glass Melters
5,033
75-90%
---
Commercial

Process Description: 

Post-combustion NOx controls include Selective Non-Catalytic Reduction (SNCR) and Selective Catalytic Reduction (SCR). They are fundamentally similar, in that both use an ammonia-containing reagent to react with the NOx produced in the boiler, and convert it to harmless nitrogen and water, SNCR accomplishes this at higher temperatures (1700ºF-2000ºF) in the upper furnace region of the boiler, while SCR operates at lower temperatures (about 600ºF to 750°F) and hence needs a catalyst to produce the desired reaction between ammonia and NOx.  High temperature catalysts, sometimes used in gas turbine applications can operate at temperatures up to ~1100(F

Conventional SCR incorporates a reactor located typically between the economizer and the air preheater.  The reactor housing is sized to provide optimum flue gas velocity and catalyst volume.  

In about one-quarter to one-third of the German SCR installations, the SCR reactor is located downstream of the flue gas desulfurization (FGD) system.  This is called a “tail-end” configuration.  Because the catalyst operates at temperatures of at least 600+(F, the flue gas temperature needs to be increased between the FGD and tail-end SCR.  This reheating the flue gas before it enters the SCR.  This extra equipment makes the capital and energy costs higher than in a conventional SCR.  On the other hand, the tail-end SCR uses less catalyst, experiences a longer catalyst life, and can be built without impacting plant operations, with tie-in typically occurring during a normal two-week outage.  

An ammonia injection system is located upstream of the catalyst typically in a grid configuration to inject and disperse the ammonia uniformly into the flue gas. 

NOx Reduction:

NOx reductions of 90+% are capable with SCR.  NOx reduction levels are typically limited by the need to control residual ammonia to low levels (2-5ppm), and by cost effectiveness considerations (higher cost-to-NOx reduction ratio for deeper reductions.  SCR applications typically represent a balance between the percentage NOx reduction requirement, residual ammonia limit, SO2 to SO3 oxidation rate, and ability to continuously maintain a uniform, stable NH3/NOx distribution across the entry plane into the catalyst.

Cost Information:

Capital costs for retrofit SCR systems to power generation sources are mostly within the range of $60/kW to about  $140/kW.  The lower end of this range applies to retrofits with nominal difficulty.  The high end of the range would typically be associated with retrofits having significantly impeded construction access, extensive relocations, and difficult ductwork transitions.  

Operating costs are mainly driven by cost of reagent, energy penalty (pressure loss, ammonia vaporization), catalyst replacement and dedicated O&M costs 

Development Status:  

Commercially available
SCR is widely used oversees (Germany and Japan represent over 50,000 MW of installed capacity. In the US, significant activity has recently occurred with SCR installations on coal fired units.  Projections for over 100 new installations in the US in the next 5 years have been made. 

Practical Considerations:

From a technical perspective, SCR can be used many different applications and sources.  However, the cost can vary considerably depending on retrofit difficulty and plant layout, fuel, or unit operating characteristics.  

The performance of an SCR system is dependent on the size and arrangement of the catalysts, the fuel burned, gas flow conditions at the catalyst entrance, and the type and amounts of reagent used.  A number of factors should be considered when installing an SCR system.  They include:

· Operating temperature window temperature which is a function of the catalyst formulation but typically ranges between 600°-750°F for sulfur bearing fuels, 

· Ammonia injection system design to ensure good distribution in proportion to the mass flux of NOx for optimized performance (maximum NOx reduction and minimum NH3 slip)

· Flue gas pressure drop which is dependent upon flue gas velocity, catalyst configuration, and quantity of catalyst required to achieve specified NOx reduction

· Flue gas flow/temperature distribution, as catalyst guarantees are typically predicated upon predetermined conditions

· Fouling potential of catalyst and/or APH surfaces. Reaction of excess ammonia with SO3 generated in the furnace when firing sulfur bearing fuels will form ammonium bisulfate/sulfate that deposits on the cold end sections of the air heater to cause corrosion and increased pressure drop

· Flue gas contaminants - alkaline compounds, halogens, and heavy metals can cause catalyst poisoning. 

· Decreased heat rate at low load if economizer bypass is needed to maintain the required   flue gas temperature in the SCR reactor.

Compatibility with other air pollution control technologies:

SCR applications are fully compatible with combustion NOx controls (LNBs, OFA, reburn, etc.) and can be used with other amine-based controls (e.g. SNCR) in hybrid configurations. In theory, most of these technologies can be used together.  However, NOx reductions are not necessarily additive, and more importantly, the “economics” of the combined technologies may or may not be cost-effective.  Such analyses are highly site- and strategy-specific.

However, several such combinations of technology are considered attractive and have or are gaining acceptance.  For example, the combination of LNB/OFA with either SCR or SNCR is more prevalent than the application of the post-combustion technologies alone.  The economics of this approach are justified by the reduced chemical  and capital costs due to lower NOx levels entering the SCR system.

When combining SCR with NOx control technologies whose performance depends on mixing characteristics in the upper furnace (i.e., OFA, reburn, or SNCR), potential stratification of inlet NOx levels to the SCR becomes a key design issue that can impact SCR performance.

Secondary Environmental Impacts:

Potential impacts arising from the application of SCR include:

· Increased corrosion downstream of the SCR from SO3 formed on the catalysts

· Air heater fouling due to ammonia bisulfate formation in the cold end

· Ammonia contamination of fly ash affecting its salability or disposal

· Increased system pressure drop

· FGD waste management, if located downstream of SCR

These impacts are mostly relevant to applications with sulfur and other contaminants-bearing fuels (e.g. coal/oil).  Applications with natural gas are more benign both with respect to catalyst choice and life, as well as other plant impacts. 
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Process:  Selective Non-Catalytic Reduction (SNCR)

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Coal-fired boilers
607,748
25-50%
800-1,500
Commercial

Cement Kilns
41,009
30-70%
200-1,000
Commercial

Oil/NG boilers
32,910
30-60%
1,300-3,000
Commercial

Wood/Biomass boilers
9,776
40-80%
900-2,200
Commercial

Refinery Process Heaters
9,311
50-70%
1,200-2,700
Commercial

Glass Melters
5,033
~40%
---
Commercial

Process Description:  

Post-combustion NOx controls include Selective Non-Catalytic Reduction (SNCR) and Selective Catalytic Reduction (SCR). They are fundamentally similar, in that both use an ammonia-containing reagent to react with the NOx produced in the boiler, and convert it to harmless nitrogen and water, SNCR accomplishes this at higher temperatures (1700ºF-2100ºF) in the upper furnace region of the boiler, while SCR operates at lower temperatures (about 600ºF to 750°F) and hence needs a catalyst to produce the desired reaction between ammonia and NOx.  

While this difference between the two technologies may seem minor, it yields significant difference in performance and costs. This is because in the case of SNCR, the reaction occurs in a somewhat uncontrolled fashion (e.g., the existing upper furnace becomes the “reactor”).  In practice, this means that SNCR has lower capital costs (no need for a reactor/catalyst); higher operating costs (lower efficiency means that more reagent is needed to accomplish a given reduction in NOx); and limited NOx reduction capability (typically 30%-40%, with some cases achieving reductions in the 50% range).  

With SNCR, the reagent is introduced directly into the upper furnace, within the temperature window above. Typical applications may include multiple injection nozzles at various elevations (temperature points). in the furnace to optimize the distribution of reagent as well as to allow for operation at various load points.

NOx Reduction:

SNCR technology is typically capable of NOx reductions in the range of 25% to 80% depending on many design and operating characteristics of the specific application. 

 Cost Information:

Capital cots range from $10 to $20/kW for power generation boilers.  

Operating costs are driven primarily by the consumption of the chemical reagent – usually urea for SNCR - which in turn is dependent upon the efficiency of the as well as the initial NOx level and the desired percent reduction.  These are typically in the range of $500-$700/ton of NOx.

An additional consideration important in the overall operating costs is the potential contamination of fly ash by ammonia making it potentially unsalable.

Development Status:  Commercial
SNCR is a fully commercial technology widely employed in various industries and applications. Urea-based applications are the predominant approach, as urea seems to have several advantages over ammonia in large-scale applications. 

Practical Considerations:

SNCR applications must be considered on a site –specific basis as several design and operating characteristics will affect the suitability of the technology. Some key issues include

· Available temperature window

· Size (cross-section/height) of the furnace for appropriate distribution and mixing of the reagent

· Sulfur content of the fuel (SO3 and NH3 form ammonium salts which can have negative impacts on the downstream equipment)

· Operational profile of the unit (rapid swings in flows/temperatures often result in poor performance in terms of NOx reduction and ammonia slip)



Compatibility with other air pollution control technologies:

SNCR applications are compatible with combustion NOx controls (LNBs, OFA, reburn, etc.) and can be used with other amine-based controls (e.g. SCR) in hybrid configurations. In theory, most of these technologies can be used together.  However, NOx reductions are not necessarily additive, and more importantly, the “economics” of the combined technologies may or may not be cost-effective.  Such analyses are highly site- and strategy-specific.

The application of SNCR with reburn has yielded several developments by different companies. Various approaches are available commercially. Essentially they all revolve around the ability to combine the injection the reburn fuel and the amine reagent in the upper furnace region. NOx reductions are not additive but better than the individual technology. While these combined approaches have not gained extensive commercial deployment reductions of 60%-70% have been reported. Economic effectiveness needs to be properly addressed on an individual basis as both the cost of reagent and reburn fuel contribute to the overall cost analyses

Other variations of SNCR-based technology include the use of hydrocarbon injection to promote NH3 reduction reactions, as well as reagent injection into a fuel rich zone of the OFA system. These variations while offered commercially are still under demonstration 

Secondary Environmental Impacts:

SNCR has some of the same issues associated with SCR. The two most likely to warrant consideration are

· NH3 slip (emissions and impacts on ash)

· Formation of nitrous oxide (N2O – a green house gas). This is mostly associated with urea, as opposed to ammonia, and may become a larger concern from the perspective of global climate issues 
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Process:  Tempering (Water, air, steam injection)

Category
NOx, TPY (WRAP 1996>100 TPY)
%NOx reduction
Cost, $/ton
Status

Turbines
25,278
~50%
2,000-7,000
Commercial

Refinery Process Heaters
9,311
---
---
Commercial

Process Description:  

Tempering is a combustion control using water, air, or steam to lower the combustion temperatures, which reduces thermal NOx formation.  Water or steam, treated to quality levels comparable to boiler feedwater, is injected into the combustor and acts as a heat sink to lower flame temperatures.

NOx Reduction:

Controlled NOx emission levels range form 25 to 42 ppmv for natural gas fuel and from 42 to 75 ppmv for distillate oil fuel.



 Cost Information:

Capital costs for wet injection include a mixed bed demineralizer and reverse-osmosis water treatment system and an injection system.  All costs are based on availability of the injection medium on site.  Capital costs range from $388K for a 4,430 hp turbine ($89/hp) to $4,830K for a 216,000 hp turbine ($22/hp).  For steam injection, capital costs are slightly higher than for water injection.

Development Status:  

Commercially available

Practical Considerations:

This technique is available for all new turbine models and can be retrofitted to most existing installations.  The decision of which injection medium to use for NOx reduction depends on many factors including the availability of steam injection nozzles and controls from the turbine manufacturer, the availability and cost of steam at the site, and turbine performance and maintenance impacts.  This decision is usually driven by site-specific environmental and economic factors.

Compatibility with other air pollution control technologies:

None.

Secondary Environmental Impacts:

 

None expected.
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APPENDIX D:  PM Control Technology Summaries

Process:  Cyclones

Category
PM, TPY (WRAP 1996 >100 TPY)
%PM reduction
Cost
Status

Mineral Processing
24,499
50 – 90%
See below
Commercial

Petrochemical
10,836
50 – 90%
See below
Commercial

Wood/Biomass boilers
5,718
50 – 90%
See below
Commercial

Primary metal production
4,697
50 – 90%
See below
Commercial

Pulp & Paper
4,476
50 – 90%
See below
Commercial

Process Description:  

Cyclones use centrifugal force to separate particulate from gas streams, and belong to the broader family of mechanical collectors, which use a variety of mechanical forces to collect particulate. A multiple cyclone is an array of a large number of small (several inch diameter) cyclones in parallel. 



PM Reduction:

Multiple cyclones have overall mass removal efficiencies of 70-90%. However, cyclone collection efficiencies fall off rapidly with particle size, so that control of fine particulate (PM-2.5) is limited. While collection efficiency is a function of the cyclone design and particle properties, cyclone removal efficiencies will be 90% or greater for 10 micron particles, dropping to perhaps 70% for 2.5 micron particles, and 50% for 1 micron particles. Addition of a second multiple cyclone in series with the first will allow for increased removal efficiency. 

The efficiency of a cyclone increases with the gas flow rate through the cyclone. Cyclones are therefore most effective at high boilers loads, where flue gas flow rates are highest, with collection efficiency decreasing at lower loads. 

 Cost Information:

The following values represent typical costs for several of these technologies (these numbers reflect unit sizes ranging from utility-size units up to about 2,000,000 ACFM to smaller process down to about 10,000 ACFM).

· Capital   -  $1 - $5/ACFM

· O&M -  NA

Development Status:  

Commercial.
Cyclones have been used extensively in various particulate collection applications over the years. In the past, industrial plants used mainly cyclones. Cyclones are robust technologies that can deal with the cyclic operation and load changes. However, their efficiency is moderate when compared with ESP or fabric filtration

Practical Considerations:

Cyclones are best suited for applications of relatively large particle sizes as their effectiveness on smaller particles is limited

Cyclones are less expensive than other PM controls and have no costs beyond the initial capital cost.

Multiple cyclones have no moving parts, but do require regular cleaning to avoid plugging, and preventive maintenance to avoid leaks, which can disrupt flow patterns and thus lower collection efficiency. 

Compatibility with other air pollution control technologies:

Cyclones are compatible with other PM controls and may be desirable in selected applications to minimize PM loadings into downstream controls such as an ESP, FF or PM scrubber  

Secondary Environmental Impacts:

None expected. 
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http://www.icac.org
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Process:  Electrostatic Precipitator (ESP)

Category
PM, TPY (WRAP 1996 >100 TPY)
%PM reduction
Cost
Status

Coal-fired boilers
46,010
90%-99+%
See below
Commercial

Wood/Biomass boilers
5,718
90%-99+%
See below
Commercial

Oil/NG boilers
1,379
90%-99+%
See below
Commercial

Cement kilns
641
90%-99+%
See below
Commercial

Process Description:  

ESP’s operate on the principle of electrophoresis, by imparting a charge to the particulates and collecting them on opposed charges plates. Dry vs. wet refers to whether the gas is water cooled and saturated prior to entering the charged plate area, or is collected dry on the plates. 

Electrostatic precipitators (ESPs), have been in use for particulate control since the early 1920’s, use electrical fields to remove particulate from boiler flue gas. 

In an electrostatic precipitator, an electric field is maintained between high-voltage discharge electrodes, typically wires or rigid frames, and grounded collecting electrodes, typically plates. A corona discharge from the discharge electrodes ionizes the gas passing through the precipitator, and gas ions subsequently ionize particulates. The electric fields impart electrostatic forces to the negatively charged particles, “driving” them to the collecting electrodes. Particulates are collected from the electrode plates either by mechanical rapping (Dry ESP) or by using a water spray to remove this particulate. (Wet ESP). 

In a typical electrostatic precipitator, collecting plates are arranged parallel to the gas flow, normally 9-18 inches apart, with discharge electrodes between them. Most precipitators have 3-5 independent electrical sections, i.e., sets of discharge and collecting electrodes with independent power supplies called Transformer/Rectifier (TR) sets, in series. Each independent section removes a fraction of the particulate in the gas stream. This arrangement allows the use of lower power (higher voltages, but lower current) in the first sections of the precipitator, where there is more particulate to be removed. Higher power is needed in the later sections, to collect the smaller particles. 

A typical wet ESP configuration uses cylindrical collecting electrodes, with discharge electrodes located in the centers of the cylinders. Wet ESPs are useful in obtaining low opacities through the removal of acid gases and mists in addition to fine particulate. In addition, these devices have no rapping re-entrainment losses, and no back corona. 

PM Reduction:

Many factors determine electrostatic precipitator removal efficiency. ESP size is an important one. Size determines residence time (longer particle residence times help collection efficiency) 

Precipitator size is related to and usually referred to as the specific collection area (SCA), the ratio of the surface area of the collection electrodes to the gas flow. Higher collection areas lead to better removal efficiencies. Collection areas normally are in the range of 200-800 ft²/1000 acfm. In order to achieve collection efficiencies of 99.5%, specific collection areas of 350-400 ft²/1000 acfm are typically used. 

Electrostatic precipitator collection efficiencies can exceed 99.9%, and efficiencies in excess of 99.5% are common. Precipitators with high overall collection efficiencies will have high collection efficiencies for particles of all sizes. Good control of PM-10 and PM-2.5 can be achieved with well-designed and operated electrostatic precipitators. 

Precipitator collection efficiencies decreases for very small particles (less than 1 micron). The reason for lower efficiency for submicron particles is that both particle charge and the resistance of the gas to particle motion increase with particle size. As particles get smaller, the particle charge is lower, while the resistance to particle motion is higher resulting in poor collection. In practice this effect means that an ESP precipitator with a 99.9% overall mass collection efficiency may only collect over 90% of submicron particles, and over 97-98% of the 0 to 5 micron particles. 

Some older precipitators on utility boilers are small, with SCAs below 200 ft²/1000 acfm and correspondingly short treatment times. 

 Cost Information:

The following values represent typical costs for several of these technologies (these numbers reflect unit sizes ranging from utility-size units up to about 2,000,000 ACFM to smaller process down to about 10,000 ACFM)) 

· Capital:  $15 - $40/ACFM

· Fixed O&M:    Dry ESP’s - $0.25 - $0.65/yr-ACFM

                                     Wet ESP’s - $0.15- $0.50/yr-ACFM 

· Variable O&M:  Dry ESP’s - $0.45 - $0.60/yr-ACFM

                                             Wet ESP’s - $0.25 - $0.50/yr-ACFM 

Development Status:  

Commercial

ESP’s have been in use for over 75 years and are a widely recognized technology option for PM control



Practical Considerations:

Maximizing electric field strength will maximize precipitator collection efficiency. 

Other actors limiting precipitator performance include flow non-uniformity and particle re-entrainment. Uniform flow distribution helps ensure that there are no high gas velocity, short treatment time paths through the precipitator. 

Re-entrainment of collected particles may occur during rapping. Proper rapper design and timing will minimize rapper re-entrainment. Maintenance of appropriate hopper ash levels and of flow uniformity will minimize re-entrainment of ash from the hoppers. 

A major consideration of ESP collection efficiency is the electrical resistivity of the particles to be collected. Particles with resistivities in the range of 107-1010 ohm-cm are more easily collected with ESPs: these particles are easy to charge, and loose their charge slowly once deposited on a collecting electrode. Particles with low resistivities (less than 107 ohm-cm), on the other hand, loose their charge to a collecting electrode rapidly and tend not to adhere to the electrode, causing high re-entrainment losses. (Carbon black is an example of a low resistivity material). 

Particles with high resistivity (greater than 1010 ohm-cm) can be difficult to remove with a precipitator: such particles are not easily charged, and thus are not easily collected. High-resistivity particles also form ash layers with very high voltage gradients on the collecting electrodes. Electrical breakdowns in these ash layers lead to injection of positively charged ions into the space between the discharge and collecting electrodes ("back corona"), thus reducing the charge on particles in this space and lowering collection efficiency. Fly ash from the combustion of low-sulfur coal typically has a high resistivity, and thus is difficult to collect. Flue gas treatment options exist to address both high and low resistivity problems and include the injection of ammonia, SO3 and other proprietary additives.

Compatibility with other air pollution control technologies:

ESP’s are compatible with other PM controls and may be desirable in selected applications to minimize PM loadings into downstream controls such as a FF or PM scrubber  

Secondary Environmental Impacts:

None expected.
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Process:  Fabric Filter

Category
PM, TPY (WRAP 1996 >100 TPY)
%PM reduction
Cost,
Status

Coal-fired boilers
46,010
99+%
See below
Commercial

Mineral Processing
24,499
99+%
See below
Commercial

Wood/Biomass boilers
5,718
99+%
See below
Commercial

Fugitive
5,631
99+%
See below
Commercial

Oil/NG boilers
1,379
99+%
See below
Commercial

Cement kilns
641
99+%
See below
Commercial

Process Description:  

Fabric filter (FF) collectors (also referred to as baghouses) are the industrial equivalent of very large vacuum cleaners: by passing flue gas through a tightly woven fabric, particulate in the flue gas will be collected on the fabric by sieving and other mechanisms. The dust cake which forms on the filter from the collected particulate can contribute significantly to the overall collection efficiency. 

FF types are usually defined by the type of bag cleaning utilized. Major types include: (1) the  “reverse-air” baghouse, where the flue gas flows upward through the insides of vertical bags, which open downward. The fly ash thus collects on the insides of the bags, and the gas flow keeps the bags inflated. To clean the bags, a compartment of the FF is taken off-line, and the gas flow is reversed. This causes the bags to collapse, and collected dust to fall from the bags into hoppers. (Shaking or other method may be necessary to dislodge the dust from the bags.); and (2) the pulse-jet fabric filter, where the dirty gas flows from the outside of the bags inward, and the bags are mounted on cages to keep them from collapsing. Dust that collects on the outsides of the bags is removed by a reverse pulse of high-pressure air. This cleaning does not require isolation of the bags from the flue gas flow, and thus may be done on-line. 



PM Reduction:

FF’s are capable of 99.9% removal efficiencies. In addition removal efficiency is relatively level across the particle size range, making FF’s good alternatives for very small particle sizes

. 

Key performance factors include the fabric of the bag, the cleaning frequency and methods, and the particulate characteristics. Fabrics can be chosen for different applications, and some fabrics are specialty-coated for enhanced removal of submicron particulate. 

Cleaning intensity and frequency are also important variables in determining removal efficiency. Because the dust cake can provide a significant fraction of the fine particulate removal capability of a fabric, cleaning which is too frequent or too intense will lower the removal efficiency. On the other hand, if removal is too infrequent or too ineffective, then pressure drop will increase rapidly and impact overall operation. 



 Cost Information: 
FF’s have been used extensively for many years in different industries. The power generation sector while predominantly dominated by ESP’s has started to utilize FF’s in the last 20 years.

· Capital:   Reverse Air Fabric Filter - $17 - $40/ACFM

                            Pulse Jet Fabric Filter - $12 - $40/ACFM

· Fixed O&M:    Reverse Air Fabric Filter - $0.35 - $0.75/yr-ACFM

                                      Pulse Jet Fabric Filter - $0.50 - $0.90/yr-ACFM

· Variable O&M:  Reverse Air Fabric Filter - $0.70 - $0.80/yr-ACFM

                                        Pulse Jet Fabric Filter - $.90 - $1.1/yr-ACFM



Development Status: 

Commercial.

FF’s have been used extensively for many years in different industries. The power generation sector while predominantly dominated by ESP’s has started to utilize FF’s in the last 20 years.


Practical Considerations:

FF size is determined by the choice of air-to-cloth ratio (A/C), or the ratio of air flow to cloth area, typically expressed in feet per minute (cubic feet per minute of flow divided by square feet of fabric area). The selection of air-to-cloth ratio depends on the particulate loading and characteristics, and the cleaning method used. A high particulate loadings will require the use of a larger FF (lower A/C) in order to avoid forming too heavy a dust cake, resulting in an excessive pressure drop

Pulse-jet FF’s are smaller (higher A/C) than reverse-air FFs due to the higher cleaning intensity and resulting bags being cleaner

Compatibility with other air pollution control technologies:

FF’s are compatible with other PM controls. FF’s are also choices for applications downstream of dry SO2 controls (e.g. spray  dryers) as well as in combination with sorbent injection techniques for SO2 and/or Hg control

Adding a FF downstream from an existing electrostatic precipitator is a strategy gaining some acceptance in the power industry.  Because the ESP removes the bulk of the particulate, the baghouse can be relatively small, and thus less expensive. One commercial approach to this is the installation of a small pulse-jet fabric filter downstream of an ESP, known as a Compact Hybrid Particulate Collector (COHPAC). Physically, it may be separate from the precipitator, or even fully integrated into the last field of the existing ESP, further reducing the over cost and space requirements. 

Secondary Environmental Impacts:

As mentioned above FF’s can represent a complementary option to sorbent injection technologies where they enhance the contact (reaction) times between the sorbent and the flue gas contaminant of interest. This results in enhanced collection efficiency for the pollutant (e.g. mercury), as well as reduced quantities of sorbent needed 
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Process:  PM Scrubber

Category
PM, TPY (WRAP 1996 >100 TPY)
%PM reduction
Cost,
Status

Mineral Processing
24,499
50%-99+%
See below
Commercial

Petrochemical
10,836
50%-99+%
See below
Commercial

Wood/Biomass boilers
5,718
50%-99+%
See below
Commercial

Primary Metal production
4,476
50%-99+%
See below
Commercial

Pulp & Paper
4,476
50%-99+%
See below
Commercial

Process Description:  

Scrubbers work on the principle of rapid mixing and impingement of the particulate with the liquid droplets and subsequent removal with the liquid waste. For particulate controls the “venturi scrubber” is an effective technology whose performance is directly related to the pressure loss across the venturi section of the scrubber. 

Venturi scrubbers are one type of the more commonly used “scrubbers” for particulate collection.  As the name implies, the scrubbing liquid and flue gases accelerate through a converging section into a narrow throat.  In the throat, very high gas velocity shears the scrubbing liquid into many very fine droplets, which collect particles through numerous “collisions”.



PM Reduction:

Scrubbers have varying PM reduction capabilities based on deign operating conditions and particle characteristics. Performance can range 50% for the small size fraction (< 2microns) to over 99% for the larger sizes. 

Higher collecting efficiencies and a wider range of particulate sizes, require  higher operating pressures. . High-energy scrubbers refer to designs operating at pressure drop of 50-70 inches of water. Of course, higher pressure translates to higher energy consumption.  

 Cost Information:

The following values represent typical costs for several of these technologies (these numbers reflect unit sizes ranging from utility-size units up to about 2,000,000 ACFM to smaller process down to about 10,000 ACFM)

· Capital: Venturi Scrubber - $5 - $20/ACFM

· Fixed O&M: Venturi Scrubber - $0.25 - $0.65/yr-ACFM

· Variable O&M: Venturi Scrubber - $1.2 - $1.8/yr-ACFM

Development Status:  

Commercial

Wet scrubbers are widely used in various industries.  One advantage of scrubbers is their ability to treat wet gases which are not conducive to other technologies such as dry ESPs and FFs.

Practical Considerations:

For applications where variation in flow require throat velocity compensation to maintain specified scrubbing efficiencies, automatic and manually variable throat designs are available. The automatic throat is used where flow conditions vary widely and frequent adjustments are required. When occasional variations occur, a manually controlled throat is generally sufficient.



Compatibility with other air pollution control technologies:

Scrubbers are compatible with other PM controls.  However, dry ESP’s and FF’s would not be deployed downstream of a scrubber without prior reheating of the flue gas which would make such application economically questionable in general

Secondary Environmental Impacts:

Liquid waste disposal requires consideration on a case-by-case basis.

Since scrubbers have the capability to reduce acid gases, applications where this is important must be considered.
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�Does it scale on the size of the cement kiln ? how ?


�Again, it would be good to give a scaled number dollars per “size: of the equipment


�For how long ?
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