




















































































































































































































































































































































































































































































































































































































































































































  

          
             

    

            
          

             
          
             

    

             
          
     

              
           

     

               
           
        

              
        

              
           

      

            
            

   

            
            

     

            
            

      

             
                  

          

              
          

 

             
          

    

1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. D. Little (1999) “Global Comparative Analysis of HFC and Alternative Technologies for 
Refrigeration, Air Conditioning, Foam, Solvent, Aerosol Propellant and Fire Protection 
Applications”, by J. Dieckmann and H. Magid, A.D. Little, Cambridge, reference number 49468, 
United Kingdom, August 1999. 

4. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

5. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

6. March Consulting Group (1999) “UK Emissions of HFCs, PFCs, and SF6 and Potential Emission 
Reduction Options: Final Report”, Commissioned by the Department of the Environment, 
Transport and the Regions, United Kingdom, January 1999. 

7. U.S. Climate Change Technology Program (2005) “Technology Options for the Near and Long 
Term”, U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

8. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

9. U.S. Environmental Protection Agency (2004) “Analysis of Cost to Abate Ozone-depleting 
Substitute Emissions”, Office of Air and Radiation, U.S. Environmental Protection Agency, EPA 
430-R-04-006, June 2004. 

10. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

11. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse Gas 
Emissions and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States 
Environmental Protection Agency, EPA-430-R-06-005, June 2006. 

12. UNEP - United Nations Environment Programme (1999a) “The Implications to the Montreal 
Protocol of the Inclusion of HFCs, and PFCs in the Kyoto Protocol”, HFC and PFC Task Force of 
the Technology and Economic Assessment Panel, New York, October 1999. 

13. UNEP - United Nations Environment Programme (1999b) “Report of the Solvents, Coatings, and 
Adhesive Technical Options Committee (STOC): 1998 Assessment”, Ozone Secretariat, April 
1999. 

14. UNEP - United Nations Environment Programme (2002) “Report of the Aerosols, Sterilants, 
Miscellaneous Uses and Carbon Tetrachloride: 2002 Assessment”, Technical Options Committee, 
United Nations Environment Programme. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Substitution of ODS/Foam Sector 

Technology: Replace HFC-134a in appliance with hydrocarbons (C.1.4.1) 

Description of the Technology: 
HCs have lower GWPs compared to HFCs as well as more cost effective, thus making this option 
viable. HCs include propane, butane, isobutene, n-pentane, isopentane, cyclopentane, and isomers of 
hexane (IEA, 2003). 

Effectiveness: The energy efficiency is lower when foams are blown with HCs than HCFC 
(approximately 85% of HCFC performance), but can be improved technologically. 

Implementability: Some safety uncertainties associated with HCs flammability, performance, and 
environmental impacts remained. Fire risks can be lowered by employing a large amount of flame-
retardants and/or a higher quality fire-retardant (IEA, 2003). 

Reliability: Good 

Maturity: Good 

Environmental Benefits: HFCs emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost 

Benefits 

Replace HFC-134a in 
appliance with 
hydrocarbons1 

25 25 100 0-2 $105.79 -$3.19 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: USEPA (2001), IEA (2003), USEPA (2004), & UNEP (2002) 

Industry Acceptance Level: It is especially accepted in Europe. However, the penetration is low in 
the spray foam industry due to the uncertain safety risks (UNEP, 2002). 

Limitations: Flammability, performance, and contribution to the ground level ozone and smog are 
the major concerns of option. HCs require tight safety precautions in manufacturing, storage, 
handling, transport, and customer use, thus, factory upgrades and sufficient employee training are 
needed (IEA, 2003). 

Sources of Information: 
1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. D. Little (1999) “Global Comparative Analysis of HFC and Alternative Technologies for 
Refrigeration, Air Conditioning, Foam, Solvent, Aerosol Propellant and Fire Protection 
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Applications”, by J. Dieckmann and H. Magid, A.D. Little, Cambridge, reference number 49468, 
United Kingdom, August 1999. 

4. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

5. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

6. March Consulting Group (1999) “UK Emissions of HFCs, PFCs, and SF6 and Potential Emission 
Reduction Options: Final Report”, Commissioned by the Department of the Environment, 
Transport and the Regions, United Kingdom, January 1999. 

7. U.S. Climate Change Technology Program (2005) “Technology Options for the Near and Long 
Term”, U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

8. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

9. U.S. Environmental Protection Agency (2004) “Analysis of Cost to Abate Ozone-depleting 
Substitute Emissions”, Office of Air and Radiation, U.S. Environmental Protection Agency, EPA 
430-R-04-006, June 2004. 

10. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

11. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse Gas 
Emissions and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States 
Environmental Protection Agency, EPA-430-R-06-005, June 2006. 

12. UNEP - United Nations Environment Programme (1999a) “The Implications to the Montreal 
Protocol of the Inclusion of HFCs, and PFCs in the Kyoto Protocol”, HFC and PFC Task Force of 
the Technology and Economic Assessment Panel, New York, October 1999. 

13. UNEP - United Nations Environment Programme (1999b) “Report of the Solvents, Coatings, and 
Adhesive Technical Options Committee (STOC): 1998 Assessment”, Ozone Secretariat, April 
1999. 

14. UNEP - United Nations Environment Programme (2002) “Report of the Aerosols, Sterilants, 
Miscellaneous Uses and Carbon Tetrachloride: 2002 Assessment”, Technical Options Committee, 
United Nations Environment Programme. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Substitution of ODS/Foam Sector 

Technology: Replace HFC-245fa in appliance with hydrocarbons (C.1.4.2) 

Description of the Technology: 
HCs have lower GWPs compared to HFCs as well as more cost effective, thus making this option 
viable. HCs include propane, butane, isobutene, n-pentane, isopentane, cyclopentane, and isomers of 
hexane (IEA, 2003). 

Effectiveness: The energy efficiency is lower when foams are blown with HCs than HCFC 
(approximately 85% of HCFC performance), but can be improved technologically. 

Implementability: Some safety uncertainties associated with HCs flammability, performance, and 
environmental impacts remained. Fire risks can be lowered by employing a large amount of flame-
retardants and/or a higher quality fire-retardant (IEA, 2003). 

Reliability: Good 

Maturity: Good 

Environmental Benefits: HFCs emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost 

Benefits 

Replace HFC-245fa in 
appliance with 
hydrocarbons1 

25 15 100 0-10 $144.40 $32.35 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: USEPA (2001), IEA (2003), USEPA (2004), & UNEP (2002) 

Industry Acceptance Level: It is especially accepted in Europe. However, the penetration is low in 
the spray foam industry due to the uncertain safety risks (UNEP, 2002). 

Limitations: Flammability, performance, and contribution to the ground level ozone and smog are 
the major concerns of option. HCs require tight safety precautions in manufacturing, storage, 
handling, transport, and customer use, thus, factory upgrades and sufficient employee training are 
needed (IEA, 2003). 

Sources of Information: 
1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. D. Little (1999) “Global Comparative Analysis of HFC and Alternative Technologies for 
Refrigeration, Air Conditioning, Foam, Solvent, Aerosol Propellant and Fire Protection 
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Applications”, by J. Dieckmann and H. Magid, A.D. Little, Cambridge, reference number 49468, 
United Kingdom, August 1999. 

4. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

5. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

6. March Consulting Group (1999) “UK Emissions of HFCs, PFCs, and SF6 and Potential Emission 
Reduction Options: Final Report”, Commissioned by the Department of the Environment, 
Transport and the Regions, United Kingdom, January 1999. 

7. U.S. Climate Change Technology Program (2005) “Technology Options for the Near and Long 
Term”, U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

8. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

9. U.S. Environmental Protection Agency (2004) “Analysis of Cost to Abate Ozone-depleting 
Substitute Emissions”, Office of Air and Radiation, U.S. Environmental Protection Agency, EPA 
430-R-04-006, June 2004. 

10. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

11. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse Gas 
Emissions and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States 
Environmental Protection Agency, EPA-430-R-06-005, June 2006. 

12. UNEP - United Nations Environment Programme (1999a) “The Implications to the Montreal 
Protocol of the Inclusion of HFCs, and PFCs in the Kyoto Protocol”, HFC and PFC Task Force of 
the Technology and Economic Assessment Panel, New York, October 1999. 

13. UNEP - United Nations Environment Programme (1999b) “Report of the Solvents, Coatings, and 
Adhesive Technical Options Committee (STOC): 1998 Assessment”, Ozone Secretariat, April 
1999. 

14. UNEP - United Nations Environment Programme (2002) “Report of the Aerosols, Sterilants, 
Miscellaneous Uses and Carbon Tetrachloride: 2002 Assessment”, Technical Options Committee, 
United Nations Environment Programme. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Substitution of ODS/Foam Sector 

Technology: Replace HFC-245fa in sprays with hydrocarbons (C.1.4.3) 

Description of the Technology: 
HCs have lower GWPs compared to HFCs as well as more cost effective, thus making this option 
viable. HCs include propane, butane, isobutene, n-pentane, isopentane, cyclopentane, and isomers of 
hexane (IEA, 2003). 

Effectiveness: The energy efficiency is lower when foams are blown with HCs than HCFC 
(approximately 85% of HCFC performance), but can be improved technologically. 

Implementability: Some safety uncertainties associated with HCs flammability, performance, 
and environmental impacts remained. Fire risks can be lowered by employing a large amount 
of flame-retardants and/or a higher quality fire-retardant (IEA, 2003). 

Reliability: Good 

Maturity: Good 

Environmental Benefits: HFCs emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost 

Benefits 

Replace HFC-245fa in 
sprays with 
hydrocarbons1 

25 10 100 0-26 $7.81 -$3.82 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: USEPA (2001), IEA (2003), USEPA (2004), & UNEP (2002) 

Industry Acceptance Level: It is especially accepted in Europe. However, the penetration is low in 
the spray foam industry due to the uncertain safety risks (UNEP, 2002). 

Limitations: Flammability, performance, and contribution to the ground level ozone and smog are 
the major concerns of option. HCs require tight safety precautions in manufacturing, storage, 
handling, transport, and customer use, thus, factory upgrades and sufficient employee training are 
needed (IEA, 2003). 

Sources of Information: 
1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. D. Little (1999) “Global Comparative Analysis of HFC and Alternative Technologies for 
Refrigeration, Air Conditioning, Foam, Solvent, Aerosol Propellant and Fire Protection 

342 



  

             
    

             
          
     

              
           

     

               
           
        

              
        

              
           

      

            
            

   

            
            

     

            
            

      

             
                  

          

              
          

 

             
          

    

Applications”, by J. Dieckmann and H. Magid, A.D. Little, Cambridge, reference number 49468, 
United Kingdom, August 1999. 

4. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

5. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

6. March Consulting Group (1999) “UK Emissions of HFCs, PFCs, and SF6 and Potential Emission 
Reduction Options: Final Report”, Commissioned by the Department of the Environment, 
Transport and the Regions, United Kingdom, January 1999. 

7. U.S. Climate Change Technology Program (2005) “Technology Options for the Near and Long 
Term”, U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

8. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

9. U.S. Environmental Protection Agency (2004) “Analysis of Cost to Abate Ozone-depleting 
Substitute Emissions”, Office of Air and Radiation, U.S. Environmental Protection Agency, EPA 
430-R-04-006, June 2004. 

10. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

11. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse Gas 
Emissions and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States 
Environmental Protection Agency, EPA-430-R-06-005, June 2006. 

12. UNEP - United Nations Environment Programme (1999a) “The Implications to the Montreal 
Protocol of the Inclusion of HFCs, and PFCs in the Kyoto Protocol”, HFC and PFC Task Force of 
the Technology and Economic Assessment Panel, New York, October 1999. 

13. UNEP - United Nations Environment Programme (1999b) “Report of the Solvents, Coatings, and 
Adhesive Technical Options Committee (STOC): 1998 Assessment”, Ozone Secretariat, April 
1999. 

14. UNEP - United Nations Environment Programme (2002) “Report of the Aerosols, Sterilants, 
Miscellaneous Uses and Carbon Tetrachloride: 2002 Assessment”, Technical Options Committee, 
United Nations Environment Programme. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Substitution of ODS/Foam Sector 

Technology: Replace HFC-245fa in sprays with water-blown CO2 (C.1.4.4) 

Description of the Technology: 
In this technology, water and polymeric isocyanate react to generate CO2 blowing agent in situ that is 
then used in foam blowing (IEA, 2003; UNEP, 1998). During manufacture, no ODS or high GWP 
gases are emitted; there are limited health and safety risks during processing (USEPA, 2006b). 

Effectiveness: Fair 

Implementability: Fair 

Reliability: Foams produced using the CO2/water blowing agents have performance limitations in 
thickness, conductivity, dimensional stability, and density, when compared to HCFC- and HFC-
blown foams (UNEP, 2002; IEA, 2003). 

Maturity: Research ongoing; research is needed in order to further develop and improve the 
technology. 

Environmental Benefits: HFCs emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost 

Benefits 

Replace HFC-245fa in 
sprays with water-blown 

1CO2 

25 5 100 0-26 $2.23 $23.97 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: USEPA (2001), IEA (2003), USEPA (2004), & UNEP (2002) 

Industry Acceptance Level: CO2/water blown foam applications are widely used in Europe (IEA, 
2003). 

Limitations: The final products of the CO2 blowing agent are poor in water proofing quality. This 
can be improved by increasing the amount of polymeric isocyanurate, which is not suitable for many 
existing equipments (IEA, 2003). 

Sources of Information: 
1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. D. Little (1999) “Global Comparative Analysis of HFC and Alternative Technologies for 
Refrigeration, Air Conditioning, Foam, Solvent, Aerosol Propellant and Fire Protection 
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Applications”, by J. Dieckmann and H. Magid, A.D. Little, Cambridge, reference number 49468, 
United Kingdom, August 1999. 

4. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

5. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

6. March Consulting Group (1999) “UK Emissions of HFCs, PFCs, and SF6 and Potential Emission 
Reduction Options: Final Report”, Commissioned by the Department of the Environment, 
Transport and the Regions, United Kingdom, January 1999. 

7. U.S. Climate Change Technology Program (2005) “Technology Options for the Near and Long 
Term”, U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

8. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

9. U.S. Environmental Protection Agency (2004) “Analysis of Cost to Abate Ozone-depleting 
Substitute Emissions”, Office of Air and Radiation, U.S. Environmental Protection Agency, EPA 
430-R-04-006, June 2004. 

10. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

11. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse Gas 
Emissions and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States 
Environmental Protection Agency, EPA-430-R-06-005, June 2006. 

12. UNEP - United Nations Environment Programme (1999a) “The Implications to the Montreal 
Protocol of the Inclusion of HFCs, and PFCs in the Kyoto Protocol”, HFC and PFC Task Force of 
the Technology and Economic Assessment Panel, New York, October 1999. 

13. UNEP - United Nations Environment Programme (1999b) “Report of the Solvents, Coatings, and 
Adhesive Technical Options Committee (STOC): 1998 Assessment”, Ozone Secretariat, April 
1999. 

14. UNEP - United Nations Environment Programme (2002) “Report of the Aerosols, Sterilants, 
Miscellaneous Uses and Carbon Tetrachloride: 2002 Assessment”, Technical Options Committee, 
United Nations Environment Programme. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Substitution of ODS/Foam Sector 

Technology: Replace HFC-134a/152a in extruded polystyrene with water-blown CO2 (C.1.4.5) 

Description of the Technology: 
In this technology, water and polymeric isocyanate react to generate CO2 blowing agent in situ that is 
then used in foam blowing (IEA, 2003; UNEP, 1998). During manufacture, no ODS or high GWP 
gases are emitted; there are limited health and safety risks during processing (USEPA, 2006b). The 
foams manufactured with this option is assumed to compensate for lower insulating performance 
relative to HFC-blown foams by increasing the thickness and density of the foam (USEPA, 2006b). 

Effectiveness: Fair 

Implementability: Fair 

Reliability: Foams produced using the CO2/water blowing agents have performance limitations in 
thickness, conductivity, dimensional stability, and density, when compared to HCFC- and HFC-
blown foams (UNEP, 2002; IEA, 2003). 

Maturity: Research ongoing; research is needed in order to further develop and improve the 
technology. 

Environmental Benefits: HFCs emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost 

Benefits 

Replace HFC-134a or 
152a in extruded 
polystyrene with water-

1blown CO2 

25 0 100 
37-
100 

$8.89 -$0.14 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: USEPA (2001), IEA (2003), USEPA (2004), & UNEP (2002) 

Industry Acceptance Level: CO2/water blown foam applications are widely used in Europe (IEA, 
2003). 

Limitations: The final products of the CO2 blowing agent are poor in water proofing quality. This 
can be improved by increasing the amount of polymeric isocyanurate, which is not suitable for many 
existing equipments (IEA, 2003). 

Sources of Information: 
1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 
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3. D. Little (1999) “Global Comparative Analysis of HFC and Alternative Technologies for 
Refrigeration, Air Conditioning, Foam, Solvent, Aerosol Propellant and Fire Protection 
Applications”, by J. Dieckmann and H. Magid, A.D. Little, Cambridge, reference number 49468, 
United Kingdom, August 1999. 

4. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

5. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

6. March Consulting Group (1999) “UK Emissions of HFCs, PFCs, and SF6 and Potential Emission 
Reduction Options: Final Report”, Commissioned by the Department of the Environment, 
Transport and the Regions, United Kingdom, January 1999. 

7. U.S. Climate Change Technology Program (2005) “Technology Options for the Near and Long 
Term”, U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

8. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

9. U.S. Environmental Protection Agency (2004) “Analysis of Cost to Abate Ozone-depleting 
Substitute Emissions”, Office of Air and Radiation, U.S. Environmental Protection Agency, EPA 
430-R-04-006, June 2004. 

10. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

11. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse Gas 
Emissions and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States 
Environmental Protection Agency, EPA-430-R-06-005, June 2006. 

12. UNEP - United Nations Environment Programme (1999a) “The Implications to the Montreal 
Protocol of the Inclusion of HFCs, and PFCs in the Kyoto Protocol”, HFC and PFC Task Force of 
the Technology and Economic Assessment Panel, New York, October 1999. 

13. UNEP - United Nations Environment Programme (1999b) “Report of the Solvents, Coatings, and 
Adhesive Technical Options Committee (STOC): 1998 Assessment”, Ozone Secretariat, April 
1999. 

14. UNEP - United Nations Environment Programme (2002) “Report of the Aerosols, Sterilants, 
Miscellaneous Uses and Carbon Tetrachloride: 2002 Assessment”, Technical Options Committee, 
United Nations Environment Programme. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Substitution of ODS/Fire-Fighting Sector 

Technology: Water mist systems (C.1.5.1) 

Description of the Technology: 
Water mist system is different from the traditional water-spray systems or conventional sprinklers in 
that it uses special nozzles that designed to produce very tiny droplets under low, medium, or high 
pressure; consequently, it reduces significant amount of water required to extinguish fires (IEA, 2003; 
UNEP, 2001).   

Effectiveness: Good 

Implementability: Theoretically, water mist system can be used in all Class B (fuel) hazards, under 
an appropriate temperature condition (USEPA, 2001) and are currently in use for storage and 
machinery spaces, shipboard accommodation, combustion turbine enclosures, light and ordinary 
hazard sprinkler applications, and flammable and combustible liquid machinery (UNEP, 2001). 

Reliability: Several technical hurdles are to be solved so that this technological option can 
attain a wide market penetration.  

Maturity: The technology is commercially available but still under research in order to extend its 
applicability to a wider degree (IEA, 2003). 

Environmental Benefits: HFCs emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

Water mist systems1 10 50 100 1-4 -$35.71 $0.00 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: USEPA (2001), IEA (2003), USEPA (2004), & UNEP (2002) 

Industry Acceptance Level: Because of the high potentiality, this option is expected to develop 
further; researchers have been positive about overcoming the technological challenges. 

Limitations: Thus far, technical applicability is limited to fire extinguishing applications that already 
have good fire test protocols based on empirically tested system performance (IEA, 2003). 

Sources of Information: 
1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. D. Little (1999) “Global Comparative Analysis of HFC and Alternative Technologies for 
Refrigeration, Air Conditioning, Foam, Solvent, Aerosol Propellant and Fire Protection 
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Applications”, by J. Dieckmann and H. Magid, A.D. Little, Cambridge, reference number 49468, 
United Kingdom, August 1999. 

4. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

5. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

6. March Consulting Group (1999) “UK Emissions of HFCs, PFCs, and SF6 and Potential Emission 
Reduction Options: Final Report”, Commissioned by the Department of the Environment, 
Transport and the Regions, United Kingdom, January 1999. 

7. U.S. Climate Change Technology Program (2005) “Technology Options for the Near and Long 
Term”, U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

8. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

9. U.S. Environmental Protection Agency (2004) “Analysis of Cost to Abate Ozone-depleting 
Substitute Emissions”, Office of Air and Radiation, U.S. Environmental Protection Agency, EPA 
430-R-04-006, June 2004. 

10. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

11. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse Gas 
Emissions and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States 
Environmental Protection Agency, EPA-430-R-06-005, June 2006. 

12. UNEP - United Nations Environment Programme (1999a) “The Implications to the Montreal 
Protocol of the Inclusion of HFCs, and PFCs in the Kyoto Protocol”, HFC and PFC Task Force of 
the Technology and Economic Assessment Panel, New York, October 1999. 

13. UNEP - United Nations Environment Programme (1999b) “Report of the Solvents, Coatings, and 
Adhesive Technical Options Committee (STOC): 1998 Assessment”, Ozone Secretariat, April 
1999. 

14. UNEP - United Nations Environment Programme (2002) “Report of the Aerosols, Sterilants, 
Miscellaneous Uses and Carbon Tetrachloride: 2002 Assessment”, Technical Options Committee, 
United Nations Environment Programme. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Substitution of ODS/Fire-Fighting Sector 

Technology: Inert gas systems (C.1.5.2) 

Description of the Technology: 
Inert gas systems use argon, nitrogen carbon dioxide, or a blend of these gases to extinguish fires 
(UNEP, 2001). 

Effectiveness: Good 

Implementability: Inert gas systems can be applied for the standard HFC systems in Class A 
(ordinary combustible) total flooding applications. This includes electronics as well as 
telecommunications applications (IEA, 2003) 

Reliability: For most Class A fire hazards, it provides an equivalent level of both fire protection and 
life safety/health protection (USEPA, 2006b). 

Maturity: Commercially available; however, several risks may prevent the option from widely use 
and therefore, further research are needed (IEA, 2003).  

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

Inert gas systems1 10 20 100 
15-
76 

$98.57 $3.57 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: USEPA (2001), IEA (2003), USEPA (2004), & UNEP (2002) 

Industry Acceptance Level: The inert gas systems are assumed to increase over time, as old systems 
are replaced to new systems (IEA, 2003). 

Limitations: This system may not be applicable for situations that fire expansion is rapid, because of 
its slow discharge time (4 to 6 times slower than standard HFC systems); the additional space and 
weight necessary for the installation of the system may not be suitable for many systems which 
infrastructure are already fixed (IEA, 2003).  

Sources of Information: 
1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. D. Little (1999) “Global Comparative Analysis of HFC and Alternative Technologies for 
Refrigeration, Air Conditioning, Foam, Solvent, Aerosol Propellant and Fire Protection 
Applications”, by J. Dieckmann and H. Magid, A.D. Little, Cambridge, reference number 49468, 
United Kingdom, August 1999. 
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4. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

5. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

6. March Consulting Group (1999) “UK Emissions of HFCs, PFCs, and SF6 and Potential Emission 
Reduction Options: Final Report”, Commissioned by the Department of the Environment, 
Transport and the Regions, United Kingdom, January 1999. 

7. U.S. Climate Change Technology Program (2005) “Technology Options for the Near and Long 
Term”, U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

8. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

9. U.S. Environmental Protection Agency (2004) “Analysis of Cost to Abate Ozone-depleting 
Substitute Emissions”, Office of Air and Radiation, U.S. Environmental Protection Agency, EPA 
430-R-04-006, June 2004. 

10. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

11. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse Gas 
Emissions and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States 
Environmental Protection Agency, EPA-430-R-06-005, June 2006. 

12. UNEP - United Nations Environment Programme (1999a) “The Implications to the Montreal 
Protocol of the Inclusion of HFCs, and PFCs in the Kyoto Protocol”, HFC and PFC Task Force of 
the Technology and Economic Assessment Panel, New York, October 1999. 

13. UNEP - United Nations Environment Programme (1999b) “Report of the Solvents, Coatings, and 
Adhesive Technical Options Committee (STOC): 1998 Assessment”, Ozone Secretariat, April 
1999. 

14. UNEP - United Nations Environment Programme (2002) “Report of the Aerosols, Sterilants, 
Miscellaneous Uses and Carbon Tetrachloride: 2002 Assessment”, Technical Options Committee, 
United Nations Environment Programme. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Substitution of ODS/Sterilization 

Technology: Options for reducing high-GWP emission from sterilization (C.1.6) 

Description of the Technology: 
Sterilization is used to control microorganisms and pathogens during the growing, collecting, storing 
and distribution of various foods including grains, vegetable, and fruits. Many low temperature 
sterilization techniques utilize an ethylene oxide/CFC mixture. Currently the USEPA Vintaging 
Model assumes that this sector has not transitioned to any HFC or PFC uses as an ODS substitute 
(Godwin et al., 2003). No technological options for reducing HFCs or PFCs from this sector were 
found from the literature search. 

Effectiveness: Not applicable 

Implementability: Not applicable 

Reliability: Not applicable 

Maturity: Not applicable 

Cost Effectiveness: Not applicable 

Industry Acceptance Level: Not applicable 

Limitations: Not applicable 

Sources of Information: 
1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. D. Little (1999) “Global Comparative Analysis of HFC and Alternative Technologies for 
Refrigeration, Air Conditioning, Foam, Solvent, Aerosol Propellant and Fire Protection 
Applications”, by J. Dieckmann and H. Magid, A.D. Little, Cambridge, reference number 49468, 
United Kingdom, August 1999. 

4. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

5. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

6. March Consulting Group (1999) “UK Emissions of HFCs, PFCs, and SF6 and Potential Emission 
Reduction Options: Final Report”, Commissioned by the Department of the Environment, 
Transport and the Regions, United Kingdom, January 1999. 

7. U.S. Climate Change Technology Program (2005) “Technology Options for the Near and Long 
Term”, U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

352 

http://www.climatetechnology.gov/index.htm


  

              
           

      

            
            

   

            
            

     

            
            

      

             
                  

          

              
          

 

             
          

    

8. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

9. U.S. Environmental Protection Agency (2004) “Analysis of Cost to Abate Ozone-depleting 
Substitute Emissions”, Office of Air and Radiation, U.S. Environmental Protection Agency, EPA 
430-R-04-006, June 2004. 

10. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

11. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse Gas 
Emissions and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States 
Environmental Protection Agency, EPA-430-R-06-005, June 2006. 

12. UNEP - United Nations Environment Programme (1999a) “The Implications to the Montreal 
Protocol of the Inclusion of HFCs, and PFCs in the Kyoto Protocol”, HFC and PFC Task Force of 
the Technology and Economic Assessment Panel, New York, October 1999. 

13. UNEP - United Nations Environment Programme (1999b) “Report of the Solvents, Coatings, and 
Adhesive Technical Options Committee (STOC): 1998 Assessment”, Ozone Secretariat, April 
1999. 

14. UNEP - United Nations Environment Programme (2002) “Report of the Aerosols, Sterilants, 
Miscellaneous Uses and Carbon Tetrachloride: 2002 Assessment”, Technical Options Committee, 
United Nations Environment Programme. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Electric Power Transmission and Distribution Systems 

Technology: Leakage reduction and recovery (C.2.1) 

Description of the Technology: 
Leaks from the equipment and venting of the gas during equipment servicing and disposal of 
equipment are the main sources of emissions. Normal procedures require taking units out of service to 
search for SF6 leaks.  

A laser leak detection system is capable of finding leaks accurately without any modifications or 
physical connections to circuit breakers. The advantages over traditional leak detection procedures are 
the ability to perform leak detection without having to take equipment out of service and the dramatic 
reduction in time necessary to detect a leak (USEPA, 2001).  

Effectiveness: This is one of the most effective options to reduce emissions from this sector. 

Implementability: Technically available to all manufactures of gas insulated electrical equipment 
(IEA, 2003) 

Reliability: This is a basic and promising option to effectively abate SF6 emissions from electric 
power systems because of its availability, cost performance, and implementability (CEC, 2005; IEA, 
2003). 

Maturity: Well developed technologically and widely practiced (CEC, 2005) 

Environmental Benefits: High-GWP gas emission reduction. If thoroughly implemented in the 
United States, leak detection and repair could reduce SF6 emissions from this sector by about 20% 
(USEPA, 2004). 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

Leakage reduction and 
1recovery

10 100 100 100 $10.96 $1.81 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: USEPA (2001) & CEC (2005); 2: IEA (2003) 

Industry Acceptance Level: Many U.S. utilities already implement cost-effective leak detection and 
repair. The GasVue laser camera, a laser leak detection system developed with the support of the 
Electric Power Research Institute (EPRI) by Laser Imaging Systems of Punta Gorda, Florida, has 
been successfully used at a wide range of utilities in the United States and abroad (Moore, 1999). 

Limitations: SF6-containing equipment leakage varies on the type of equipment: old/new, size of 
operational voltage, manufacturer, weather, etc. Therefore, the applicability may be limited on the 
region or country of use (IEA, 2003). 

Sources of Information: 
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1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. Ecofys (1999) “Reduction of the Emissions of HFCs, PFCs and SF6 in the European Union”, 
Commissioned by DG XI of the European Commission, authored by H. Heijnes, M. van 
Brummelen, and K. Blok, April 1999. 

4. Environment Canada (1998) “Powering GHG Reductions through Technology Advancement”, 
Clean Technology Advancement Division, Environment Canada. 

5. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

6. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

7. Intergovernmental Panel on Climate Change - IPCC (2001) “Summary for Policy Makers: A 
Report of Working Group I of the Intergovernmental Panel on Climate Change”, The Third 
Assessment Report - Working Group I, January 2001. 

8. McCracken, G.A.; Christiansen, R.; Turpin, M. (2000) “The Environmental Benefits of 
Remanufacturing: Beyond SF6 Emission Reduction”, Proc. International Conference on SF6 and 
the Environment: Emission Reduction Strategies, November 1-3, San Diego, CA. 

9. McFarland, M.; van Gerwen, R. (2000) “Fluorine Compounds: Emissions Inventories, Options 
for Control and Their Implementation and Resulting Scenarios” in Non-CO2 Greenhouse Gases: 
Scientific Understanding, Control and Implementation (edited by J. Van Ham et al.), Kluwer 
Academic Publishers, London. 

10. McRae, T. (2000) “GasVue and the Magnesium Industry: Advanced SF6 Leak Detection”, Proc. 
International Conference on SF6 and the Environment: Emission Reduction Strategies, November 
1-3, San Diego, CA. 

11. Moore, T. (1999) “Seeing SF6 in a New Light”, EPRI Journal, Summer 1999, Palo Alto, CA. 

12. Öko-Recherche (1999) “Emissions and Reduction Potentials of Hydrofluorocarbons, 
Perfluorocarbons and Sulphur Hexafluoride in Germany”, A study commissioned by the German 
Environmental Protection Agency, Germany, October 1999. 

13. U.S. Climate Technology Program (2005) “Technology Options for the Near and Long Term”, 
U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

14. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

15. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

16. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse 
Gases”, Office of Atmospheric Programs, United States Environmental Protection Agency, EPA-
430-R-06-005, June 2006. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Electric Power Transmission and Distribution Systems 

Technology: Improved SF6 Recovery for switch gear manufacture (C.2.2) 

Description of the Technology: 
SF6 is an expensive gas which is characterized by high degree of stability. Therefore, it is convenient 
to recover the gas and reuse, adopting the same procedures as in the manufacturing phases. 
Recycling equipment such as recycling gas cart systems allows SF6 gas to be captured; it provides a 
method to remove gas from the electrical equipment, and filter it for reuse (IEA, 2003). 

Effectiveness: One of the most promising options 

Implementability: Technically available to all manufactures of gas insulated electrical equipment 
(IEA, 2003) 

Reliability: Good 

Maturity: Well developed and widely in use 

Environmental Benefits: High-GWP gas emission reduction. It is estimated that SF6 recycling can 
eliminate at least 10% of total SF6 emissions from U.S. electric power systems (USEPA, 2001). 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

Improved SF6 recovery 
for electric gas insulated 
switch gear manufacture1 

15 - 100 
30-
60 

$1.84 
$0.01 – 

0.6 
$0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: IEA (2003) 

Industry Acceptance Level: Widely in use at all regions (IEA, 2003) 

Limitations: It is estimated that SF6 emissions during manufacturing and testing of gas-insulated 
equipment are 30-50% of total equipment charge size (IEA, 2001) 

Sources of Information: 
1. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

2. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

3. Ecofys (1999) “Reduction of the Emissions of HFCs, PFCs and SF6 in the European Union”, 
Commissioned by DG XI of the European Commission, authored by H. Heijnes, M. van 
Brummelen, and K. Blok, April 1999. 
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4. Environment Canada (1998) “Powering GHG Reductions through Technology Advancement”, 
Clean Technology Advancement Division, Environment Canada. 

5. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

6. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Semiconductor Sector 

Technology: CVD cleaning emission reduction/NF3 remote clean (C.3.1) 

Description of the Technology: 
The Novellus’s In-situ NF3 Clean Technology system introduces NF3 directly into the CVD process 
chamber where the gas is dissociated in plasma. NF3 possesses a high GWP very close to that of 
C2F6, however, the chemical’s overall high efficiency leads to the reduction of gas emissions and 
thus, less climate impact as compared to C2F6 (US Climate Change, 2005). 

The NF3 Remote Clean™ Technology developed by Applied Materials uses an upstream (remote) 
device to dissociate NF3 using argon gas at a 99% efficiency rate. In addition, chamber cleaning 
times are 30 to 50% faster than baseline C2F6 clean times. The system converts the source gas to 
active N and F atoms in the plasma, upstream of the process chamber. These electrically neutral 
atoms can selectively remove material in the chamber. The remote cleaning technology differs from 
in situ technology in that the NF3 dissociates into plasma before entering the chamber rather than 
being dissociated inside the chamber. The byproducts of Remote Clean™ include HF, F2, and other 
gases, of which all but F2 are removed by facility acid scrubber systems (US Climate Change, 2005). 

Effectiveness: Good 

Implementability: All fabrication facilities 

Reliability: Good 

Maturity: Good. 

Environmental Benefits: High-GWP gas emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

CVD cleaning emission 
reduction – NF3 remote 
clean1 

5 90 90 60 $90.76 $0.00 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: CEC (2005) & USEPA (2001) 

Industry Acceptance Level: NF3 use is rapidly gaining market share in the semiconductor industry 
for CVD chamber cleaning because of its high process efficiency. 

Limitations: This option is only applicable to control emissions from chamber cleaning processes; it 
accounts for approximately 70% of total fabrication emissions (IEA, 2003). 

Sources of Information: 
1. Applied Materials (1999) “Catalytic Abatement of PFC Emissions”, Proc. Semicon Southwest 99 

– A Partnership for PFC Emission Reduction, October 18, Austin, Texas. 
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10. Motorola (1999) “Long-term Evaluation of Litmus “Blue” Inductively-Coupled Plasma Device 
for Point-of-Use PFC and HFC Abatement”, Proc. Semicon Southwest 99 – A Partnership for 
PFC Emission Reduction, October 18, Austin, Texas. 
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Environmental Protection Agency, Germany, October 1999. 
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and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

15. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse 
Gases”, Office of Atmospheric Programs, United States Environmental Protection Agency, EPA-
430-R-06-005, June 2006. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Semiconductor Sector 

Technology: CVD cleaning emission reduction/C3F8 replacement (C.3.2) 

Description of the Technology: 
C3F8 is a potential drop-in replacement for C2F6 in some chemical vapor deposition clean and etch 
processes; its high utilization during etch may offset its high GWP (IEA, 2003; USEPA, 2001). 

Although PFCs are not completely eliminated in these cases, overall emissions and potential impacts 
may be lower than in a scenario without the substitution. Therefore, replacing high GWP gases with 
environmentally benign substitutes for chemical vapor deposition clean and dielectric etch processes 
are the preferred option (USEPA, 2001). 

Effectiveness: Good 

Implementability: All fabrication facilities 

Reliability: Although this option does not achieve the same emission reduction that NF3 achieves, it 
is considerably feasible in cost performance. Thus, its excellent process performance as well as cost 
savings makes this alternative option attractive (US Climate Change, 2005; USEPA, 2001). 

Maturity: Well developed 

Environmental Benefits: Use of C3F8 will reduce high GWP emissions by 85% relative to the 
standard C2F6 process (USEPA, 2001). 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

CVD cleaning emission 
reduction – C3F8 

replacement1 
5 - 100 

70-
90 

$0.00 $0.00 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: IEA (2003) & USEPA (2001) 

Industry Acceptance Level: C3F8 is reported in commercial applications at fabricating facilities 
owned by AMD, Motorola, and Texas Instruments (US Climate Change, 2005). 

Limitations: This option is only applicable to control emissions from chamber cleaning processes; it 
accounts for approximately 70% of total fabrication emissions (IEA, 2003; USEPA, 2001). 

Sources of Information: 
1. Applied Materials (1999) “Catalytic Abatement of PFC Emissions”, Proc. Semicon Southwest 99 

– A Partnership for PFC Emission Reduction, October 18, Austin, Texas. 

2. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 
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3. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

4. Ecofys (1999) “Reduction of the Emissions of HFCs, PFCs and SF6 in the European Union”, 
Commissioned by DG XI of the European Commission, authored by H. Heijnes, M. van 
Brummelen, and K. Blok, April 1999. 

5. Intergovernmental Panel on Climate Change - IPCC (2001) “Summary for Policy Makers: A 
Report of Working Group I of the Intergovernmental Panel on Climate Change”, The Third 
Assessment Report - Working Group I, January 2001. 

6. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

7. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

8. International SEMATECH (1999) “Motorola Evaluation of the Applied Science and 
Technology, Inc. (ASTex) ASTRON Technology for perfluorocarbons (PFC) Emissions 
Reductions on the Applied Materials DxL Chemical Vapor Deposition (CVD) Chamber” 
Presented at: A Partnership for PFC Emissions Reductions, Semicon Southwest 99, Austin, 
Texas, October 1999. 

9. McFarland, M.; van Gerwen, R. (2000) “Fluorine Compounds: Emissions Inventories, Options 
for Control and Their Implementation and Resulting Scenarios” in Non-CO2 Greenhouse Gases: 
Scientific Understanding, Control and Implementation (edited by J. Van Ham et al.), Kluwer 
Academic Publishers, London. 

10. Motorola (1999) “Long-term Evaluation of Litmus “Blue” Inductively-Coupled Plasma Device 
for Point-of-Use PFC and HFC Abatement”, Proc. Semicon Southwest 99 – A Partnership for 
PFC Emission Reduction, October 18, Austin, Texas. 

11. Öko-Recherche (1999) “Emissions and Reduction Potentials of Hydrofluorocarbons, 
Perfluorocarbons and Sulphur Hexafluoride in Germany”, A study commissioned by the German 
Environmental Protection Agency, Germany, October 1999. 

12. U.S. Climate Technology Program (2005) “Technology Options for the Near and Long Term”, 
U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

13. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

14. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

15. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse 
Gases”, Office of Atmospheric Programs, United States Environmental Protection Agency, EPA-
430-R-06-005, June 2006. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Semiconductor Sector 

Technology: Point-of-use plasma abatement (C.3.3) 

Description of the Technology: 
Plasma abatement technologies rely on the basic idea that larger exhaust molecules are broken into 
fragments in the plasma and then recombine in new ways, in the presence of other fragments, to form 
a new set of exhaust gases that may then be removed by existing waste-treatment systems. Thus, the 
high GWP gases react with fragments of the additive gas (H2, O2, H2O, or CH4) in the plasma and 
form low molecular weight by-products with little or no GWP. Wet scrubbers can then remove these 
product molecules (US Climate Change, 2005). The small plasma source are located in the foreline 
of an etch tool or in the gas line between the process tool and the main pump, and before the dry 
pump nitrogen purge such that it can access the undiluted exhaust stream (IEA, 2003).  

The two widely used technologies are: the Litmas “Blue” and “Red”, and AMAT’s Pegasys™ POU 
unit. Litmas’s “Blue” uses an inductively coupled radio frequency plasma source to transform high-
GWP exhaust gases from etchers, and the “Red” which transforms the exhausts from plasma-
enhanced chemical vapor deposition chambers using microwaves. AMAT’s Pegasys™ POU unit 
integrates cold-plasma abatement technology with popular etchers, which makes the abatement unit 
transparent to process engineers (US Climate Change, 2005).  

Effectiveness: Litmas reported emission reductions from 97% to 99% for its “Blue” POU device; 
AMAT’s capacity coupled device (Pegasys II™) claims typically more than 95% reduction in 
emissions (IEA, 2003). 

Implementability: It can be applied to the entire etch processes without ant interference to the 
process. It also requires very little floor space to install (US Climate Change, 2005). 

Reliability: This option has been demonstrated to attain the reduction efficiency of more than 97% 
when water vapor is used as an additive gas (USEPA, 2001). 

Maturity: Well developed and commercialized. 

Environmental Benefits: High-GWP gas emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

Point-of-use plasma 
abatement1 5 55 97 10 $50.81 $1.45 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: CEC (2005) & USEPA (2001) 

Industry Acceptance Level: Currently, plasma abatement is believed to be the most popular option 
in the industry. It accounts for 55% of the total emission reduction in the etching sector, being the 
largest reduction option (US Climate Change, 2005). 
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Limitations: This option can be applied only for etch processes, which account for approximately 
30% of fabrication emissions. 

Sources of Information: 
1. Applied Materials (1999) “Catalytic Abatement of PFC Emissions”, Proc. Semicon Southwest 99 

– A Partnership for PFC Emission Reduction, October 18, Austin, Texas. 

2. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

3. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

4. Ecofys (1999) “Reduction of the Emissions of HFCs, PFCs and SF6 in the European Union”, 
Commissioned by DG XI of the European Commission, authored by H. Heijnes, M. van 
Brummelen, and K. Blok, April 1999. 

5. Intergovernmental Panel on Climate Change - IPCC (2001) “Summary for Policy Makers: A 
Report of Working Group I of the Intergovernmental Panel on Climate Change”, The Third 
Assessment Report - Working Group I, January 2001. 

6. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

7. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

8. McFarland, M.; van Gerwen, R. (2000) “Fluorine Compounds: Emissions Inventories, Options 
for Control and Their Implementation and Resulting Scenarios” in Non-CO2 Greenhouse Gases: 
Scientific Understanding, Control and Implementation (edited by J. Van Ham et al.), Kluwer 
Academic Publishers, London. 

9. Motorola (1999) “Long-term Evaluation of Litmus “Blue” Inductively-Coupled Plasma Device 
for Point-of-Use PFC and HFC Abatement”, Proc. Semicon Southwest 99 – A Partnership for 
PFC Emission Reduction, October 18, Austin, Texas. 

10. Öko-Recherche (1999) “Emissions and Reduction Potentials of Hydrofluorocarbons, 
Perfluorocarbons and Sulphur Hexafluoride in Germany”, A study commissioned by the German 
Environmental Protection Agency, Germany, October 1999. 

11. U.S. Climate Technology Program (2005) “Technology Options for the Near and Long Term”, 
U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

12. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

13. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

14. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse 
Gases”, Office of Atmospheric Programs, United States Environmental Protection Agency, EPA-
430-R-06-005, June 2006. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Semiconductor Sector 

Technology: Thermal destruction or processing units (C.3.4) 

Description of the Technology: 
Thermal destruction technology can be applied to reduce PFCs emissions from both the CVD 
chamber cleaning and etching processes. It is installed downstream of the process tool so that it does 
not affect the manufacturing process and performances. 

High GWP emissions are oxidized in a natural gas-fired burner before the combustion products are 
removed by the on-site waste treatment systems. Burner system requires pretreatment of inlet streams 
to reduce the loads of unused deposition/etchant gases and particles that can block the system. 
Hydrofluoric acid formed in thermal destruction systems may be removed via POU scrubbers to 
prevent exceeding scrubber design limits (US Climate Change, 2005; USEPA, 2001). 

Effectiveness: Good 

Implementability: The Edwards TPU 4214 (oxidation with advanced burner technology) is 
applicable for all high GWP emissions and achieves more than 99% destruction efficiency. 

Reliability: Several PFC thermal destruction systems can effectively abate some PFCs, but only a 
few have been proven to abate all PFCs at greater than 90% destruction efficiency.  

Maturity: Several PFC thermal destruction systems are commercially available, but the Edwards 
TPU 4214 is the only thermal-destruction device in commercial use and represents a favored POU 
solution for chemical vapor deposition cleaning processes (US Climate Change, 2005).  

Environmental Benefits: High-GWP gas emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

Thermal destruction or 
processing units1 5 20 90 40 $93.39 $8.98 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: CEC (2005) & USEPA (2001) 

Industry Acceptance Level: This option is technologically matured and well adopted, despite of 
other preferable abatement options such as process improvements. 

Limitations: The thermal destruction system requires a combustion fuel and use significant amounts 
of cooling water that creates an additional waste stream. In addition, it produces NOx emissions, 
which are regulated air pollutants. (Applied Materials, 1999). 

Sources of Information: 
1. Applied Materials (1999) “Catalytic Abatement of PFC Emissions”, Proc. Semicon Southwest 99 

– A Partnership for PFC Emission Reduction, October 18, Austin, Texas. 
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2. California Energy Commission (2005) “Emission Reduction Opportunities for Non-CO2 

Greenhouse Gases in California”, a report prepared by ICF Consulting for California Energy 
Commissions, CEC-500-2005-121, July 2005. 

3. California Energy Commission (2006) “Inventory of California Greenhouse Gas Emissions and 
Sinks: 1990 to 2004”, final staff report, December 22, 2006. 

4. Ecofys (1999) “Reduction of the Emissions of HFCs, PFCs and SF6 in the European Union”, 
Commissioned by DG XI of the European Commission, authored by H. Heijnes, M. van 
Brummelen, and K. Blok, April 1999. 

5. Intergovernmental Panel on Climate Change - IPCC (2001) “Summary for Policy Makers: A 
Report of Working Group I of the Intergovernmental Panel on Climate Change”, The Third 
Assessment Report - Working Group I, January 2001. 

6. International Energy Agency (2001) “Abatement of Emissions of Other Greenhouse Gases -
Engineered Chemicals”, Report Number PH3/35, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, February 2001. 

7. International Energy Agency (2003) “Building the Cost Curves for the Industrial Sources of Non-
CO2 Greenhouse Gases”, Report Number PH4/25, IEA Greenhouse Gas R&D Programme, 
Cheltenham, United Kingdom, October 2003. 

8. International SEMATECH (1999) “Motorola Evaluation of the Applied Science and 
Technology, Inc. (ASTex) ASTRON Technology for perfluorocarbons (PFC) Emissions 
Reductions on the Applied Materials DxL Chemical Vapor Deposition (CVD) Chamber” 
Presented at: A Partnership for PFC Emissions Reductions, Semicon Southwest 99, Austin, 
Texas, October 1999. 

9. McFarland, M.; van Gerwen, R. (2000) “Fluorine Compounds: Emissions Inventories, Options 
for Control and Their Implementation and Resulting Scenarios” in Non-CO2 Greenhouse Gases: 
Scientific Understanding, Control and Implementation (edited by J. Van Ham et al.), Kluwer 
Academic Publishers, London. 

10. Motorola (1999) “Long-term Evaluation of Litmus “Blue” Inductively-Coupled Plasma Device 
for Point-of-Use PFC and HFC Abatement”, Proc. Semicon Southwest 99 – A Partnership for 
PFC Emission Reduction, October 18, Austin, Texas. 

11. Öko-Recherche (1999) “Emissions and Reduction Potentials of Hydrofluorocarbons, 
Perfluorocarbons and Sulphur Hexafluoride in Germany”, A study commissioned by the German 
Environmental Protection Agency, Germany, October 1999. 

12. U.S. Climate Technology Program (2005) “Technology Options for the Near and Long Term”, 
U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

13. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

14. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 

15. U.S. Environmental Protection Agency (2006b) “Global Mitigation of Non-CO2 Greenhouse 
Gases”, Office of Atmospheric Programs, United States Environmental Protection Agency, EPA-
430-R-06-005, June 2006. 
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Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Semiconductor Sector 

Technology: Catalytic decomposition system (C.3.5) 

Description of the Technology: 
Catalytic destruction systems are similar to thermal destruction units in that the system is installed in 
the process after the turbo pump that dilutes the exhaust stream prior to feeding it through the 
scrubber and emitting the scrubbed gases into the atmosphere. There is no back-flow into the etching 
tool itself, which could adversely affect the performance of the etching tool. Therefore, it minimizes 
potential adverse impacts on manufacturing processes (USEPA, 2001; IEA, 2003). 

High GWP emissions are oxidized in an electrically heated catalyst before the combustion products 
are removed by the on-site waste treatment systems, and because of this catalytic process, it operates 
at lower temperatures.  

Effectiveness: Good 

Implementability: The Hitachi system is applicable to CF4, C2F6, C4F8, and SF6. 

Reliability: The reduction efficiency of this technological option is more than 99% for CF4, C2F6, 
C4F8, and SF6 (US Climate Change, 2005). 

Maturity: Catalytic Decomposition System (Hitachi) is commercialized and widely being adopted 
(IEA, 2003). 

Environmental Benefits: High-GWP gas emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

Catalytic decomposition 
system1 5 20 98 40 $67.35 $5.32 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: CEC (2005) & USEPA (2001) 

Industry Acceptance Level: It has adopted by fabrications worldwide (IEA, 2003). 

Limitations: Catalytic systems require pretreatment of inlet streams to reduce the loads of unused 
deposition/etchant gases and particles that can block burners or clog catalysts. The design must 
reflect a minimum concentration and flow of PFC within the exhaust stream; therefore, off-the-shelf 
systems can be applied only for facilities with certain stream or process specifications (USEPA, 
2001). Etch and chamber specific reductions can only reduce emissions from their respective 
percentage of the total emissions. 

Sources of Information: 
1. Applied Materials (1999) “Catalytic Abatement of PFC Emissions”, Proc. Semicon Southwest 99 

– A Partnership for PFC Emission Reduction, October 18, Austin, Texas. 
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Texas, October 1999. 

9. McFarland, M.; van Gerwen, R. (2000) “Fluorine Compounds: Emissions Inventories, Options 
for Control and Their Implementation and Resulting Scenarios” in Non-CO2 Greenhouse Gases: 
Scientific Understanding, Control and Implementation (edited by J. Van Ham et al.), Kluwer 
Academic Publishers, London. 

10. Motorola (1999) “Long-term Evaluation of Litmus “Blue” Inductively-Coupled Plasma Device 
for Point-of-Use PFC and HFC Abatement”, Proc. Semicon Southwest 99 – A Partnership for 
PFC Emission Reduction, October 18, Austin, Texas. 

11. Öko-Recherche (1999) “Emissions and Reduction Potentials of Hydrofluorocarbons, 
Perfluorocarbons and Sulphur Hexafluoride in Germany”, A study commissioned by the German 
Environmental Protection Agency, Germany, October 1999. 

12. U.S. Climate Technology Program (2005) “Technology Options for the Near and Long Term”, 
U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

13. U.S. Environmental Protection Agency (2001) “U.S. High GWP Gas Emissions 1990 – 2010: 
Inventories, Projections, and Opportunities”, Office of Air and Radiation, U.S. Environmental 
Protection Agency, EPA 000-F-97-000, June 2001. 

14. U.S. Environmental Protection Agency (2006a) “Inventory of U.S. Greenhouse Gas Emissions 
and Sinks: 1990 to 2004” Office of Atmospheric Programs, United States Environmental 
Protection Agency, EPA-430-R-06-002, June 2006 
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I I I I 

Non-CO2 Greenhouse Gases: High-GWP Gases 

Source/Sectors: Semiconductor Sector 

Technology: PFC recapture/recovery (C.3.6) 

Description of the Technology: 
PFC recapture/recovery is a feasible option for treating the waste streams of entire fabrications. This 
technology separates un-reacted and/or process-generated PFCs from other gases using a membrane 
for further processing; the reprocessed PFCs are either reused or concentrated for subsequent off-site 
disposal (IEA, 2003; USEPA, 2001). Currently available capture systems are guaranteed to remove 
90 % of emissions; in general, removal efficiency of C2F6, CF4, SF6, and C3F8 is higher (more than 
90%), and CHF3 and NF3 removal efficiencies is lower (50 - 60%). In addition to membrane 
separation, Praxair/Ecosys cryogenic capture system and, MEGASORB and BOC pressure swing 
absorption systems are reported as new recapture technologies; these systems have shown low capture 
efficiencies so far. DuPont is investigating a technological option for the disposition of C2F6-
containing mixture; the research is ongoing for the repurification and the off-site destruction of C2F6 

(US Climate Change, 2005; USEPA, 2001). One example of process optimization is to use end-point 
detectors and/or process parameter variation to determine the optimal fluorocarbon utilization to 
reduce excess emissions. 

Effectiveness: Good 

Implementability: The technology can be applied to both sources of emissions: the etching and the 
CVD chamber cleaning processes. 

Reliability: Good 

Maturity: The technologies including Praxair/Ecosys and Edwards cryogenic capture systems have 
already commercialized, but have not been widely adopted worldwide; there are no published reports 
of commercial uses for the MEGASORB and BOC system (US Climate Change, 2005). 

Environmental Benefits: High-GWP gas emission reduction 

Cost Effectiveness: 

Technology Lifetime 
(yrs) 

MP 
(%) 

RE 
(%) 

TA 
(%) 

Capital 
cost 

Annual 
cost Benefits 

PFC recapture/recovery1 5 8 90 100 $40.52 $13.20 $0.00 

Note: MP: market penetration; RE: reduction efficiency; TA: technical applicability; costs are in year 2000 US$/MTCO2-Eq. 

1: CEC (2005) & USEPA (2001) 

Industry Acceptance Level: This technology is currently low in demand because NF3 cleaning 
systems do not leave sufficient PFCs in the stream to make gas recovery economically viable. 

Limitations: All options require considerable pretreatment to remove undesirable substances such as 
corrosives particles and moisture from the exhaust gas stream.   

Sources of Information: 
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APPENDIX D 

Technological Options for Emission Reduction of Black Carbon 

1. - Mobile Sources 
2. - Stationary Sources 
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Non-CO2 Greenhouse Gases: Black Carbon 

Source/Sectors: Mobile Sources 

Technology: Options to reduce black carbon emission from mobile sources (D.1) 

Description of the Technology: 
Mobile sources, especially those associate with diesel, are responsible for most of the BC emissions, 
most technological options for BC emission reduction found from the literature search are for diesel 
vehicles and engines. Basically, BC is removed in the process that is mainly aimed for removal of 
particulate matter. Specific technological options to reduce BC emissions from mobile sources 
include: 

• Diesel particle filters (DPFs) – DPFs remove PM from the diesel exhaust through physical 
filtration. DPFs must be supplemented with means of self-cleaning (regeneration) to remove 
the collected carbon and organic particles. This is done by adding heat to the exhaust, raising 
temperature high enough to oxidize carbon to gaseous carbon dioxide. Nonetheless, all DPFs 
still require periodic maintenance to clean-out ash that accumulates from the non-organic 
carbon components of the engine oil (Clean Air Task Force, 2005). 

• Catalyst-based DPFs – The added catalyst effectively lowers the temperature required for 
regeneration of the filters. The catalyst can be poisoned by sulfur; therefore, this type of 
DPFs can only be used with diesel fuel of low sulfur content (Clean Air Task Force, 2005). 

• Diesel oxidation catalysts (DOCs) – DOCs use the same type of catalyst material as that in 
the catalyst-based DPFs, but applied to a flow-through monolith, without the physical filter 
(Clean Air Task Force, 2005; Lyons, 2003). This is mainly for reduction of OC-based 
particulate matter and their removal efficiencies for BC should be relatively low. 

• Closed crankcase emissions filtration device – A closed crankcase filtration device, by 
rerouting crankcase ventilation back to the engine, can be fitted to school buses and eliminate 
these emissions (Clean Air Task Force, 2005). 

• Alternatives to diesel – It has been demonstrated that using biodiesel can reduce emissions of 
particulate matter (Clean Air Task Force, 2005; Lyons, 2003). 

• Engine modifications – Particulates emissions can also be reduced through improvements to 
the basic engine such as turbo-charging, after-cooling, high-pressure fuel injection, retarding 
injection timing, and optimizing combustion chamber design (Lyons, 2003). 

• Proper maintenance of diesel engines 

• Reduce idling of diesel engines 

• Replace gas lawn mowers with electrical mowers 

• Reduce fuel consumption 

• Reduce vehicle use 

Effectiveness: Varies 

Implementability: Varies 

Reliability: Varies 
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Maturity: Varies 

Environmental Benefits: Black carbon emission reduction 

Cost Effectiveness: Varies 

Industry Acceptance Level: Varies 

Limitations: Varies 

Sources of Information: 
1. Bahner, M.A.; Weitz, K.A.; Zapata, A.; DeAngelo, B. (2007) “Use of Black Carbon and Organic 

Carbon Inventories for Projection and Mitigation Analysis”, Proc. 16th Annual International 
Emission Inventory Conf., Emission Inventories: Integration, Analysis, and Communications, 
Raleigh, May 14-17. 

2. Battye, W.; Boyle, K.; Pace, T.G. (2002) “Methods for Improving Global Inventories of Black 
Carbon and Organic Carbon Particulates”, Report No. 68-D-98-046 prepared for U.S. 
Environmental Protection Agency. 

3. Clean Air Task Force (2005) “Diesel Engines: Emissions Controls and Retrofits”, www.catf.us, 
v.3, revised 4-2005. 

4. Cradle, S.H. (2004) “On-road Mobile Source PM and Black Carbon Emission Rates”, Proc. 
Black Carbon Emissions and Climate Change: A Technical Workshop, U.S. Environmental 
Protection Agency, San Diego, October 13-15. 

5. DeAngelo, B.J. (2006) “Update of the EMF-22 Black Carbon”, Proc. EMF 22 Climate Policy 
Scenarios for Stabilization and in Transition, Tsukuba, Japan, December 12-14. 

6. Jacobson, M.Z. (2004) “Global Warming Impact of Black Carbon”, Proc. Black Carbon 
Emissions and Climate Change: A Technical Workshop, U.S. Environmental Protection Agency, 
San Diego, October 13-15. 

7. Kleeman, M.J. (2004) “Emissions of Black Carbon in California”, Proc. Black Carbon Emissions 
and Climate Change: A Technical Workshop, U.S. Environmental Protection Agency, San Diego, 
October 13-15. 

8. Lyons, K. (2003) “Assessment of Potential Strategies to Reduce Emissions from Diesel Engines 
in Washington State”, a report prepared for Department of Ecology, State of Washington, 
Publication number 05-02-005. 

9. Miller, C.A. (2004) “Carbon Emissions from Stationary Sources”, Proc. Black Carbon Emissions 
and Climate Change: A Technical Workshop, U.S. Environmental Protection Agency, San Diego, 
October 13-15. 

10. Somers, J. (2004) “Mobile Source Black Carbon Emissions”, Proc. Black Carbon Emissions and 
Climate Change: A Technical Workshop, U.S. Environmental Protection Agency, San Diego, 
October 13-15. 

11. Streets, D.G.; Bond, T.C.; Lee, T.; Jang, C. (2004) “On the Future of Carbonaceous Aerosol 
Emissions”, J. Geophys. Res. Vol. 109, D24212. 

12. U.S. Climate Technology Program (2005) “Technology Options for the Near and Long Term”, 
U.S. Department of Energy, http://www.climatetechnology.gov/index.htm, August 2005. 

13. U.S. Environmental Protection Agency (2006) “Regulatory Impact Analyses - 2006 National 
Ambient Air Quality Standards for Particle Pollution”, United States Environmental Protection 
Agency, October 6, 2006. 
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Non-CO2 Greenhouse Gases: Black Carbon 

Source/Sectors: Stationary Sources 

Technology: Options to reduce black carbon emission from stationary sources (D.2) 

Description of the Technology: 
Biomass burning accounts for approximately 25% of BC emissions in the United States. Biomass 
burning is a difficult source to control; however, from a global warming mitigation perspective, it 
may be less important because OC is more dominant in terms of emissions and negative forcing 
(DeAngelo, 2006). Most PM emission control measures on utility and non-electric generating 
utilities (non-EGU) point sources are add-on technologies. These technologies include fabric filters 
(bag houses), electric static precipitators (ESPs), and wet scrubbers (USEPA, 2006). Specific 
technological options to reduce BC emissions from stationary sources include the following: 

• Mitigation measures for diesels – If diesel engines are used in the stationary sources, then 
the measures discussed in Section 5.1 may be applicable. For example, applying diesel 
particulate filters to diesel-fueled compression-ignition engines can achieve up to 90% 
reduction in fine particulate matter (USEPA, 2006). Other measures such as engine 
modification, alternative fuels, reducing idle time, and proper maintenance should also 
reduce BC emissions. 

• PM control measures for area sources – Specific controls exist for stationary area sources, 
including catalytic oxidizers on conveyorized char-broilers at restaurants that can reduce 
PM emissions by 80% (USEPA, 2006). Another example is to replace older woodstoves 
with those in compliance with the New Source Performance Standard (NSPS) for 
residential wood combustion (USEPA, 2006). 

• Apply the end-of pipe control on utility and non-energy generating utilities (non-EGU) 
point sources – Use ESPs, bag houses, or wet scrubbers for particulate removal. Upgrade 
the existing systems to better remove finer particles may be needed: one example is to 
add more collector plates in an ESP system to increase its removal efficiency (USEPA, 
2006). 

• Alternatives to open biomass burning – Available options to reduce open biomass 
burning include changing the frequency and conditions of prescribed burning and 
reducing open waste burning (US Climate Change, 2005). 

Effectiveness: Varies 

Implementability: Varies 

Reliability: Varies 

Maturity: Varies 

Environmental Benefits: Black carbon emission reduction 

Cost Effectiveness: Varies 

Industry Acceptance Level: Varies 

Limitations: Varies 
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Sources of Information: 
1. Bahner, M.A.; Weitz, K.A.; Zapata, A.; DeAngelo, B. (2007) “Use of Black Carbon and Organic 

Carbon Inventories for Projection and Mitigation Analysis”, Proc. 16th Annual International 
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