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ENGINES TC "ENGINES" \f C \l "2" : STATIONARY RICE TC "STATIONARY RICE" \f C \l "3" 
Mitigation Option: Industry Collaboration TC "Industry Collaboration" \f C \l "4"  

I. Description of the mitigation option 
Overview

· This option explores the possibility of industry collaboration toward affecting mandating emission control technologies [8/4/06] Expansion: (e.g., three-way catalytic converters with air-to-fuel-ratio controllers) that would be implemented by engine manufacturer’s for building future engines, especially those used in association with natural gas fired compressor engines and are smaller horsepower of generally less than 200 hp [8/4/06] Clarification: site-rated.

Air Quality and Environmental Benefits

· This option would result in air quality improvement since all new engines built would meet lowest achievable emission controls at that time for criteria pollutants. 

Economic

· This would require a large capital investment from both companies and engine manufacturer’s to achieve this result.  This would result in replacement of older compressor engines, particularly those less than 200 hp, with new ones at a significant cost to the oil and gas industry.   The salvage value of older compressors is a fraction of the cost of a new compressor engine.  

· It would require companies to commit to ordering new engines over a prescribed time likely ahead of when older units would have been replaced. 

· The manufacturers would need confirmed orders to justify re-tooling their plants to meet the demand.

Trade-offs

· The use of given emission control technology could result in other emissions.  For example, the use of lean-burn technology on a large scale would result in incremental emissions of formaldehyde.  If NSCR is used on a large scale, it is believed ammonia emissions would result. [8/4/06] Expansion: However, it is not known if these emissions would be significant.

· Some engine manufacturers that cannot meet the demand and/or re-tool their factories could lose their market share in the San Juan Basin.  Need to ensure this does not create any restraint of trade concerns.  

II. Description of how to implement 

A. Mandatory or voluntary; It could be both.  The companies could begin a process of placing new orders voluntarily or the agencies, through regulatory/rules, could require emission levels that necessitate ordering new compressor engines. 

B. Indicate the most appropriate agency(ies) to implement: State Environmental Agencies 

III. Feasibility of the option 

A. Technical:  None identified although some field trials and bench scale tests are probably necessary to assess actual emissions on the new engines. 
[8/4/06] Expansion: EPA has established the technological feasibility of controlling these types of engines. (See NSPS Mitigation Option Paper below.)

B. Environmental: Yes, from the Cumulative Effects group depending upon what type of emission control technology is preferred. 

C. Economic: Economic burden associated with engine replacement and manufacturer re-tooling is likely to be substantial.

IV. Background data and assumptions used 

Emission inventories compiled for the Farmington, NM BLM Resource Management Plan (2003); Southern Ute Indian Reservation Oil and Gas Environmental Impact Statement (2002)

· Preliminary discussions with companies and engine manufacturer representatives 

· Will need to integrate any more recent emissions inventory data from the Cumulative Effects Group

V. Any uncertainty associated with the option (Low, Medium, High) High. Especially pertaining to feasibility. Medium due to economics of replacing a large fleet of existing compressor engines and the timing that would be required to begin manufacturing a number of small horsepower engines. 

VI. Level of agreement within the work group for this mitigation option TBD
VII. Cross-over issues to the other source groups (please describe the issue and which groups)
May need to verify with other work groups if manufacturing a large number of new compressor engines, particularly in the smaller horsepower range, could conflict with other new engine initiatives such as building Tier II and Tier III diesel engines.   
Mitigation Option: Install Electric Compression TC "Install Electric Compression" \f C \l "4" 
I. Description of the mitigation option 
Overview 

· Electric Compression would involve the replacement or retrofit of existing internal combustion engines or proposed new engines with electric motors.  The electric motors would be designed to deliver equal horsepower to that of internal combustion engines.  However, the limitation of doing so is predicated by the electrical grid that would exist in a given area to provide the necessary capacity to support electrical compression. 

Air Quality/Environmental

· Elimination of criteria pollutants that occur with the combustion of hydrocarbon fuels (natural gas, diesel, gasoline).  Displacement of emissions to power generating sources (utilities).

.  

Economics

· The costs to replace natural gas fired compressors with electric motors would be costly.  

· The costs of getting electrical power to the sites would be costly.  It could require a grid pattern upgrade which could costs millions of dollars for a given area.  

· A routine connection to a grid with adequate capacity for a small electric motor can be $18K to $25K/site on the Colorado side of the San Juan Basin. 

· A scaled down substation for electrification of a central compression site can range between $250K and $400K.   

· Suppliers/Manufacturers would have to be poised to meet the demand of providing a large number of electrical motors, large and small. 

Tradeoffs

· While the sites where the electrical motors would be placed would not be sources of emissions, indirect emissions from the facilities generating the electricity would still occur such as coal fired power plants.   

· Additional co-generation facilities would likely have to be built in the region to supply the amount of electrical power needed for this option. This would result in additional emissions of criteria pollutants from the combustion of natural gas for turbines typically used for co-generation facilities. 

· There would need to be possible upgrades in the electrical distribution system. However, the limitation of doing so is predicated by the electrical grid that would exist in a given area to provide the necessary capacity to support electrical compression

Burdens

· The cost to replace natural gas fired engines with electrical motors would be borne by the oil and gas industry. 

II. Description of how to implement 

A. Mandatory or voluntary:  Voluntary, depending upon the results of monitoring data over time. 

B. Indicate the most appropriate agency(ies) to implement:  State Air Quality agencies.

III. Feasibility of the option 

A. Technical: Feasible depending upon the electrical grid in a given geographic area

B. Environmental:  Factors such as federal land use restrictions or landowner cooperation could restrict the ability to obtain easements to the site. The degree to which converting to electrical motors for oil and gas related compression is necessary should be a consideration of the Cumulative Effects and Monitoring Groups.  Indirect emission implications for grid suppliers should be considered (e.g., coal-fired plants).  
C. Economic: Depends upon economics of ordering electrical motors, the ability of the grid system to supply the needed capacity and the cost to obtain right of way to drop a line to a potential site. 

IV. Background data and assumptions used 

The background data was acquired from practical application of using electrical motors in the northern San Juan Basin based upon interviews with company engineering and technical staff. 

V. Any uncertainty associated with the option (Low, Medium, High):  

Medium based upon uncertainties of obtaining electrical easements from landowners and/or land management agencies. 

VI. Level of agreement within the work group for this mitigation option TBD
VII. Cross-over issues to the other source groups (please describe the issue and which groups: Possibly the Cumulative Effects Group due to indirect emission increases from coal-fired plants. 

Mitigation Option: Optimization/Centralization TC "Optimization/Centralization" \f C \l "4"  

I. Description of the mitigation option

Overview

· This option outlines the deployment of internal combustion engines used as the source to power various oil and gas related operations with the appropriate horsepower rated to the need of the activity being conducted.  The advantages of this approach would be reducing the cumulative amount of horsepower deployed, thus reducing emissions.  This may also be accomplished by using larger central compression in lieu of deploying numerous smaller compressor engines at a number of individual locations such as well sites.
· [8/4/06] Clarification: Overall fleets of engines in the San Juan basin are currently believed to be loaded at about 50% available hp. This is determined by looking at installed hp, volume of gas being moved, and pressure differentials in the field.

Air Quality and Environmental Benefits
· The benefits would be lower emissions calculated against horsepower assuming smaller horsepower engines would be deployed to replace larger engines.  This would be accomplished by either design or as field conditions changed at individual sites or by centralizing compression horsepower at central site.  While efficiency may improve, application of smaller engines working at or near full load may increase NOx emissions relative to an oversized unit operating at reduced load.   

Economics 

· Optimization: 

· The economics of replacing individual site compression with properly sized horsepower could be difficult.  Some companies bought individual site compression based upon technical considerations at that time.  Unfortunately, due to changing field conditions, which could not be contemplated when the original engine was bought, the existing engine may not be sized properly. To require the purchase of new compressors for changing field conditions over the life of a natural gas field will be an economic strain on the operators.  

· The salvage value of the compressor being replaced is a fraction of a new one.  

· Replacing engine compression several times during the life of well would not be economic.  Purchasing new compression with operating conditions in a given field could jeopardize the economics of a well(s).  

· If the engines are rentals, the situation is much more flexible depending upon the lease/contract with the vendor.  In the San Juan Basin most smaller well site compression is a combination of purchased and leased, both of which depend upon the individual operator’s preferences.  

· Centralization  

· As with optimization, field conditions change and to size equipment properly on a horsepower basis may require numerous iterations of replacement.  

· As above with optimization, the economics of replacing units to fit ever changing field conditions in the cases where the equipment has been purchased will create economic challenges for the operators.
· For leased units, flexibility would be greater, but would depend upon the lease/contract with the vendor.  

· Use of larger centralized engines increases the opportunity to use low emission lean burn engines.   

Tradeoffs

· The tradeoffs for centralization appear to have the most concern.  

· There could be an air quality benefit by centralizing, but there would be more long term surface disturbance involved and dust generation from construction.  For instance, a central compressor serving multiple sites would likely need to be built at a new site making it more equitable from a operational perspective to serve its purpose.  A new central site would then require surface disturbance for a new site and, whether an existing site could be used or not, underground piping from the central site to multiple sites would be necessary.  This could result in permanent new disturbance (if a new site had to be built) and short term disturbance for the pipeline to multiple sites until this was reclaimed.  

· While above ground pipelines are a possibility, for safety reasons these have not been generally used in the San Juan Basin. 

· Emissions tradeoffs based on relative operating loads would need to be considered.
· [8/4/06] Expansion: There is potential for increased noise for those living close to these centralized facilities.
Burdens

· The burden for optimization and/or centralization would fall to industry.  The cost of pursuing this approach should be carefully considered due to the impact it could have on the economic viability of a given well. 

II. Description of how to implement 

A. Mandatory or voluntary. This option should be voluntary given the economic impacts.

B. Indicate the most appropriate agency(ies) to implement. NA; would be voluntary by the companies since they must assess the technical and economic feasibility.  

III. Feasibility of the option 

A. Technical:  Technical concerns would include trying to size compression properly either with optimization or centralization considering the unknowns associated with changing field conditions. 

B. Environmental: Potential environmental benefit would need to be more closely reviewed depending upon the specific scenario.  At best, little or marginal benefits are likely to be realized.

C. Economic: While some centralized options could be considered, well-level optimization is not economically feasible considering all the variables that exist with field operations. .

IV. Background data and assumptions used 

Discussions with company field and engineering staff

· Input from engine manufacturers and engine consultants 

V. Any uncertainty associated with the option (Low, Medium, High) 

High. [8/4/06] Clarification: For optimization: The sizing of engines is based on the maximum flow from a well. As wells decline through time the initial hp needs are no longer appropriate. Replacement of this existing hp would be cost prohibitive. For centralization: collection systems are already in place and centralizing would require retrofitting, which is cost prohibitive. Further, in NM, well sites and gathering systems have different owners. Competitors would need to collaborate to centralize, which would be unlikely.

VI. Level of agreement within the work group for this mitigation option TBD

VII. Cross-over issues to the other source groups (please describe the issue and which groups 
None identified at this time.

Mitigation Option: Follow EPA New Source Performance Standards (NSPS) TC "Follow EPA New Source Performance Standards (NSPS)" \f C \l "4" 
I. Description of the mitigation option

EPA is in the process of developing the first national requirements for the control of criteria pollutants from stationary engines.  Separate rulemakings are in process for compression-ignition (CI) and spark-ignition (SI) engines.  These NSPS will serve as the national requirements, leaving states with the authority to regulate more stringently as might be required in unique situations.

CI NSPS:  The final NSPS for stationary CI (diesel) engines was published in the Federal Register on July 11, 2006.  It requires that new CI engines built from April 1, 2006, through December 31, 2006, for stationary use meet EPA’s nonroad Tier 1 emission requirements.  From January 1, 2007, all new CI engines built for stationary use must be certified to the prevailing nonroad standards.  (Minor exceptions are beyond the scope of this discussion.)   

SI NSPS:  The NSPS proposal for stationary SI engines, including those operating on gaseous fuels, was published in the Federal Register on June 12, 2006.  Per court order, the rule is to be finalized by December 20, 2007.  Like the CI NSPS, certain elements of the SI NSPS will be retroactively effective once finalized.  The following summarizes the proposed requirements:

[image: image1.emf]EPA SI NSPS NPRM

NOx/CO/NMHC (g/bhp-hr)
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All engines < 25 hp

40 CFR 90

Gasoline & RB LPG 26-499 hp

40 CFR 1048
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40 CFR 1048

Natural gas & LB LPG

   Non-emergency 26-499 hp 2.0/4.0/1.0 1.0/2.0/0.7

> 500 hp 2.0/4.0/1.0 1.0/2.0/0.7

   Emergency > 25 hp 2.0/4.0/1.0

< 500 hp 3.0/5.0/1.0 2.0/5.0/1.0

> 500 hp 3.0/5.0/1.0 2.0/5.0/1.0

Notes:  

NG & LB LPG, 25-50 hp, may instead comply with 40 CFR 1048.

Engines < 40 hp that are < 1000 cc may instead comply with 40 CFR 90.

Emergency engines limited to 100 hours per year for maintenance and testing.

Landfill / digester gas

2011 2007 2008 2009 2010


All new stationary engines in the Four Corners region will have to meet the new EPA requirements.  Deferring to the EPA NSPS will provide the most cost-effective emissions control because manufacturers will have compliant products for sale across much of the country.  Compliance with the EPA NSPS will provide a level of emissions control that is federally mandated and will impose a certain financial burden that is not elective.  The premise for this mitigation option is that additional control beyond the EPA NSPS would not be needed for new engines. 

II. Description of how to implement 

A. Mandatory:  Compliance with the EPA NSPS will be mandatory. [8/4/06] Clarification: This would apply to all newly manufactured, modified and reconstructed engines after the NSPS effective dates. [11/1/06] Clarification: ‘Modified’ engines are those undergoing a change that would result in an increase in emissions, while ‘reconstructed’ engines are those undergoing rebuild work that costs at least 50% of the cost of a new unit.  See 40 CFR 60.2 for further definitional details.  

[11/1/06] Differing Opinion: Voluntary:  Applicability of the NSPS requirements could be considered for existing engines.  Because a large number of existing engines would require extensive rework or replacement to achieve the NSPS levels, any such approach should be a voluntary, incentive-based program.
B. Indicate the most appropriate agency(ies) to implement:  No additional work would be needed other than what EPA is mandating.  Any permitting would continue to be at the State’s discretion.  [11/1/06] Expansion: The appropriate agencies for any incentive based applicability to existing engines would need to be determined.

III. Feasibility of the option

A. Technical:  EPA has spent the past year working with engine manufacturers during its development of the CI and SI NSPS.  The requirements have been shown to be technologically feasible.

B. Environmental:  EPA’s regulatory documents do/will provide details of the expected environmental benefits and the conclusion that this level of control is appropriate for areas not in advanced levels of non-attainment.

C. Economic:  EPA’s Regulatory Impact Analyses (RIA) for the two rulemakings will provide explanations of the expected costs of compliance.

IV. Background data and assumptions used

None beyond material in EPA’s rulemakings.

V. Any uncertainty associated with the option (Low, Medium, High)

Essentially no uncertainty that the NSPS will soon provide new, emissions-controlled stationary engines in the Four Corners region.

VI. Level of agreement within the work group for this mitigation option
The RICE subgroup anticipates Oil & Gas Workgroup consensus that EPA’s mandatory compliance with its new NSPS will provide appropriate short- and long-term emissions control that is commensurate with the needs of the Four Corners region.

VII. Cross-over issues to the other source groups

Assistance from Cumulative Effects Work Group needed to assess air quality benefits in the Four Corners area.

Mitigation Option: Adherence to Manufacturers’ Operation and Maintenance Requirements TC "Adherence to Manufacturers’ Operation and Maintenance Requirements" \f C \l "4" 
I. Description of the mitigation option:

Engine manufacturers provide to end-users recommended procedures for the initial installation and adjustment of spark-ignition (SI) engines, in addition to on-going preventative maintenance recommendations.  Adherence to these recommendations provides long-term, intended performance, emission levels, durability, etc.  [11/1/06] Clarification: (Please see EPA SI NSPS proposal update below under Section V.) 

II. Description of how to implement 

A. Mandatory or voluntary:  While adherence to engine manufacturers’ ‘recommended’ procedures is generally voluntary from a regulatory perspective, this mitigation option instead proposes that such adherence be mandatory.  This could be considered for existing engines as well as for new engines.  [11/1/06] Clarification: Please see Section V below for further discussion.
B. Indicate the most appropriate agency(ies) to implement:  EPA’s proposed New Source Performance Standards (NSPS) for, in particular, SI engines, includes several related aspects that will likely be mandatory. [8/4/06] Expansion: Those aspects of engine manufacturers’ recommended procedures that are not included in the NSPS could be implemented by the states.

1.  40 CFR 60.4234:  “Owners and operators of stationary SI ICE must operate and maintain stationary SI ICE that achieve the emission standards as required in 60.4233 according to the manufacturer’s written instructions or procedures developed by the owner or operator that are approved by the engine manufacturer, over the entire life of the engine.”

2.  40 CFR 60.4241(f):  “Manufacturers may certify their engines for operation using gaseous fuels in addition to pipeline-quality natural gas; however, the manufacturer must specify the properties of that fuel and provide testing information showing that the engine will meet the emission standards specified in 60.4231(d) when operating on that fuel.  The manufacturer must also provide instructions for configuring the stationary engine to meet the emission standards on fuels that do not meet the pipeline-quality natural gas definition.  The manufacturer must also provide information to the owner and operator of the certified stationary SI engine regarding the configuration that is most conducive to reduced emissions where the engine will be operated on particular fuels to which the engine is not certified.”


3.  60.4243:  “If you are an owner or operator, you must operate and maintain the stationary SI internal combustion engine and control device according to the manufacturer’s written instructions or procedures developed by the owner or operator that are approved by the engine manufacturer.  In addition, owners and operators of certified engines may only change those settings that are allowed by the manufacturer to ensure compliance with the applicable emission standards.  ...The engine must be installed and configured according to the manufacturer’s specifications to ensure compliance with the applicable standards.”


4.  60.4245(a):  “Owners and operators of all stationary SI ICE must keep records of...maintenance conducted on the engine.”
III. Feasibility of the option

A. Technical:  Prudent operators follow manufacturers’ recommended procedures.  Properly maintained engines operate more efficiently and at lower total cost.  Ignition maintenance, in particular, can have significant impact on the performance and life of catalysts.

B. Environmental:  Properly maintained engines produce lower emissions.  Instead of a fix-as-fail mentality, proper maintenance can avoid or detect failed O2 sensors or spark plugs, thus avoiding an increase in HC and CO.  

C. Economic:  The overall, long-term cost of a properly maintained engine is lower than that of a neglected engine.

IV. Background data and assumptions used

V. Any uncertainty associated with the option 
Low [11/1/06] Differing Opinion: Medium. EPA NSPS Update: Mandatory requirement to follow engine manufacturers’ recommendations is included in the proposal for optionally certified engines.  For engines not certified by engine manufacturers, the owner/operator would have compliance responsibility and would not be required to follow the engine manufacturers’ recommendations.  Owner/operators are raising concern with EPA over the proposed requirement to follow engine manufacturer recommendations for certified engines or follow the proposed option to seek engine manufacturer approval for alternative operational procedures.  Many owner/operators believe their own time-proven procedures are appropriate.  Because EPA’s final rule will have carefully considered the implications of operational and maintenance practices, the Agency’s final outcome should be appropriate for new engines used in the Four Corners area.  Any consideration of those requirements for existing engines would need to assess the potential benefits achievable through altering current field practices.
VI. Level of agreement within the work group for this mitigation option

VII. Cross-over issues to the other source groups

Mitigation Option: Use of SCR for NOx control on lean burn engines TC "Use of SCR for NOx control on lean burn engines" \f C \l "4" 
I.   Description of the mitigation  option
NOx emissions from lean burn engines (natural gas and diesel fueled) can be reduced by chemically converting NOx into inert compounds.  The most effective equipment to achieve NOx reductions is a SCR (selective catalytic reduction) system.  Reactant injection of industrial grade urea, anhydrous ammonia, or aqueous ammonia is required to facilitate the chemical conversion.  The overall catalyst reaction is as follows:


NH3 + NO + NO2 > N2 + H2O

The SCR systems utilize programmable logic controller (PLC) based control software for engine mapping / reactant injection requirements.  Sampling cells are utilized for closed loop feedback of dosing requirements depending on the amount of NO measured downstream of the catalyst bed.

SCR system components include catalyst housing, housing insulation, control/dosing panel, exhaust dosing/mixing section, and reactant injector.  Depending on the reactant medium, a storage tank will be required with a potential minimum temperature requirements of 40F.

SCR systems [8/4/06] Clarification: can be constructed with the addition of oxidation catalysts, for the added conversion requirements of CO, VOCs and Formaldehyde.  This oxidation catalyst is a dry reaction and is not dependant on injection of a reactant. [8/4/06] Ed: See the mitigation option on the use of oxidation catalysts for reduction levels achieved for the pollutants.
II. Description of how to implement 

A. Mandatory or voluntary
Voluntary:  May be enhanced by the state supplementing a percentage of the cost.

B. Indicate the most appropriate agency(ies) to implement

III. Feasibility of the option 

A. Technical: Dependent on site readiness, installation and start-up would require 7-10 days.

B. Environmental: Post catalyst NOx levels of <0.15g/bhp-hr.

C. Economic: Cost of SCR system and maintenance are an increased cost to the packager and end user.

IV. Background data and assumptions used 

V. Any uncertainty associated with the option (Low, Medium, High)

Medium.  Negative perception of reactant handling and injection, though the technology has proven itself to be very user friendly.

VI. Level of agreement within the work group for this mitigation option

VII. Cross-over issues to the other source groups (please describe the issue and which groups None.
Mitigation Option: Use of NSCR / 3-Way Catalysts and Air/Fuel Ratio Controllers on Stoichiometric Engines TC "Use of NSCR / 3-way Catalysts and Air/Fuel Ratio Controllers on Stoichiometric Engines" \f C \l "4" 
I. Description of the mitigation option, including benefits (air quality, environmental, economic, other) and burdens (on whom, what) 

NOX, CO, HC, and Formaldehyde emissions from a stoichiometric engine can be reduced by chemically converting these pollutants into harmless, naturally occurring compounds.  The most common method for achieving this is through the use of a catalytic converter.  In a catalytic converter, the catalyst will either oxidize (oxidation catalyst) a CO or fuel molecule or reduce (reduction catalyst) an NOX molecule.  The general catalyst reactions are as follows:

NO + CO = N2 + CO2
NOX + CH4 = N2 + CO2 +H2O

NOX + H2 = N2 + H2O

These reactions are reducing the NOX to nitrogen and oxidizing the fuel and CO molecules.  These reactions oxidize some of the CO and NMHC molecules, however further conversion is accomplished with and oxidizing catalyst.  The oxidizing reactions are shown below:

CO + O2 = CO2
CH4 + O2 = CO2 + H20

CnHm + O2 = CO2 + H20

H2 + O2 = H2O

A 3-way catalyst contains both reduction and oxidation catalyst materials and will convert NOX, CO, and NMHCs to N2, CO2, and H2O.  A process which causes reaction of several pollutant components is referred to as a Non Selective Catalyst Reduction (NSCR).  NSCR are utilized on stoiciometric engines.  A very narrow air/fuel ratio operating range is necessary to maintain the catalyst efficiency.  This can only be consistently maintained by utilizing electronic air/fuel ratio controls.

Maintaining low emissions in a stoichiometric combustion engine using exhaust gas treatment requires a very closely regulated air/fuel ratio.  Without an air/fuel ratio controller, emission reduction efficiencies vary through the catalyst.  Many Air/Fuel Ratio Controllers (AFRCs) are available on the market today.   AFRCs are available from both the engine manufacture or can be purchased from an after-market supplier.  Most controllers utilize closed loop control based on the readings of an exhaust gas oxygen sensor to determine the air/fuel ratio.  

Air/Fuel Ratio Control will only maintain an operator determined set point.  For this set point to be at the lowest possible emissions setting an exhaust gas analyzer must be utilized.  Operators should utilize quarterly emission tests to ensure units are maintaining compliance.

[8/4/06] Clarification: This mitigation option is distinct from the mitigation option on using oxidation catalysts on lean burn engines because NSCR controllers are applied only to rich burn engines.

II. Description of how to implement 

A. Mandatory or voluntary:  

Voluntary: May be enhanced by state funding a percentage of the cost.

Mandatory: Mandatory enforcement would give the state the power to eliminate, at the minimum, 90% of NOX, CO, HC, and Formaldehyde emissions from stationary elements.

[8/4/06] Differing Opinion: This option should be mandatory, implemented and enforced by the states.

B. Indicate the most appropriate agency(ies) to implement:  [8/4/06] Ed: States, Tribes and/or BLM, due to the fact that they are already involved in air quality regulations.

III. Feasibility of the option

A. Technical:  Engines can be retrofitted in the field ½ a day or less.  Catalysts do have a life span and will lose their efficiencies.  However, under ideal operating parameters and with consistent engine maintenance, the life span of a catalyst can easily be up to 5 years.  Catalysts can be washed to increase the lifespan in the case of oil spray or ashing.  AFRC oxygen sensors should be replaced quarterly to assure constant compliance.

B. Environmental:  Minimum of 90% NOX, CO, HC, and Formaldehyde emission reduction. [8/4/06] Expansion: Some increase in ammonia emissions would result, however, it is not known if this increase would be significant.
C. Economic:   The cost of catalyst and AFRC are an added cost to both packager and end user, however, as technologies have advanced, producers have a number of cost effective options.  The fact of the matter is the cost to the producer to maintain compliance is much greater than the cost of a catalyst or AFRC.  In order to maintain compliance of any kind, the producer is forced to have more man power, more thorough engine maintenance programs, and adequate testing of their units to assure that they are in constant compliance.

IV. Background data and assumptions used

1. G. Sorge “Update on Emissions”

V. Any uncertainty associated with the option (Low, Medium, High)

LOW, this is a proven technology with years of results.  One issue of merit is the production of ammonia through a 3-way catalyst.  This issue has been thoroughly researched and the following are the generalized results:

The problem of NH3 formation across catalyst equipped rich burn CNG engines is associated with problems of the A/F controllers.  If the A/F ratio is allowed to drift rich, considerable NH3 can be formed. 
This is shown in the following graph: [image: image2.png]Removal Efficiency (%)
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For a variety of reasons the A/F controllers have failed to control at the desired set point, 02 sensors failing, a not particularly sophisticated controller, etc.  Today’s AFRCs are very exact machines with the ability to easily maintain a precise set point.  If a rich burn engine is operated with a properly functioning air/fuel ratio controller plus 3-way catalyst, it will meet emissions requirements without producing a noticeable amount of ammonia. 

VI. Level of agreement within the work group for this mitigation option  TBD

VII. Cross-over issues to the other source groups None at this time.
Mitigation Option: Use of Oxidation Catalysts and Air/Fuel Ratio Controllers on Lean Burn Engines TC "Use of Oxidation Catalysts and Air/Fuel Ratio Controllers on Lean Burn Engines" \f C \l "4" 
I. Description of the mitigation  option
CO, HC, and Formaldehyde emissions from a lean burn engine can be reduced by chemically converting these pollutants into harmless, naturally occurring compounds.  Lean Burn Engines already have low uncontrolled NOX emission values.  The most common method for achieving this is through the use of a catalytic converter.  In a catalytic converter, the oxidation catalyst will oxidize (oxidation catalyst) a CO or fuel molecule.  The general oxidizing reactions are shown below:

CO + O2 = CO2
CH4 + O2 = CO2 + H20

CnHm + O2 = CO2 + H20

H2 + O2 = H2O

Air/fuel ratio control helps to maintain the catalyst efficiency.  This can only be consistently maintained by utilizing electronic air/fuel ratio controls.  However, most air/fuel ratio controllers are utilized to maintain engine performance due to ambient conditions.

Maintaining low emissions in a lean combustion engine using exhaust gas treatment is enhanced by the use of an Air/Fuel Ratio Controller, however, not necessary.  Many Air/Fuel Ratio Controllers (AFRCs) are available on the market today, from both the engine manufacture in certain cases and after-market suppliers.  Most controllers utilize closed loop control based on the readings of an exhaust gas oxygen sensor to determine the air/fuel ratio.  

Air/Fuel Ratio Control will only maintain an operator determined set point.  For this set point to be at the lowest possible emissions setting an exhaust gas analyzer must be utilized.  Operators should utilize quarterly emission tests to ensure units are maintaining compliance

II. Description of how to implement 

A. Mandatory or voluntary:  

Voluntary: May be enhanced by state funding a percentage of the cost.

Mandatory: Mandatory enforcement would require give the state the power to eliminate, at the minimum, 90% of CO, HC, and Formaldehyde emissions from stationary elements.  Lean Burn Engines already have low uncontrolled NOX emission values.

[8/4/06] Differing Opinion: This option should be mandatory, implemented and enforced by the states.

B. Indicate the most appropriate agency(ies) to implement:  [8/4/06] Ed: States, Tribes and/or BLM, due to the fact that they are already involved in air quality regulations.
III. Feasibility of the option

A. Technical:  Engines can be retrofitted in the field ½ a day or less.  Catalysts do have a life span and will lose their efficiencies.  However, under ideal operating parameters and with consistent engine maintenance, the life span of a catalyst can easily be up to 5 years.  Catalysts can be washed to increase the lifespan in the case of oil spray or ashing.  AFRC oxygen sensors should be replaced quarterly to assure constant compliance.

B. Environmental:  Minimum of 90% CO, HC, and Formaldehyde emission reduction.

C. Economic:   The cost of catalyst and AFRC are an added cost to both packager and end user, however, as technologies have advanced, producers have a number of cost effective options.  The fact of the matter is the cost to the producer to maintain compliance is much greater than the cost of a catalyst or AFRC.  In order to maintain compliance of any kind, the producer is forced to have more man power, more thorough engine maintenance programs, and adequate testing of their units to assure that they are in constant compliance. 

IV. Background data and assumptions used

1. G. Sorge “Update on Emissions”

V. Any uncertainty associated with the option (Low, Medium, High)

LOW, this is a proven technology with years of results.

VI. Level of agreement within the work group for this mitigation option  TBD

VII. Cross-over issues to the other source groups None at this time.
Mitigation Option: Install Lean Burn Engines TC "Install Lean Burn Engines" \f C \l "4" 
I. Description of the mitigation option

Using gas fueled (reciprocating) Lean Burn Engines as the main prime mover in gas compression and generator set applications in the Four Corners area.

Gas engines are the predominant prime mover used to power gas compressor packages. Gas engines are classified as either Rich Burn or Lean Burn.  The industry acknowledges a lean burn engine to have an oxygen level measured at the exhaust outlet of about 7-8%. This typically translates into a NOx emissions rating of 2 g/bhp-hr or less.

Lean burn engines have this lower NOx rating without using a catalyst or any other form of emissions after-treatment.  Some lean burn engine incorporate an Air Fuel Ratio Control installed at the engine manufacturing plant.

Typically lean burn engines have a HP rating above 300 HP. This reflects today’s manufacturing emphasis. 

The main advantage of using a lean burn is in its capability to offer low emissions without after-treatment. In addition, lean burn engines operate at cooler temperatures and may offer longer life between major repairs.  

II. Description of how to implement
A. Voluntary – lower emissions should be the goal. How the operator gets there is his selection and responsibility. In  other words, allow an operator to either use a lean burn engine without emissions after-treatment or a rich burn engine with emissions after-treatment to achieve the emissions level needed.

B. Most appropriate agency to implement: EPA and state air boards.

III. Feasibility of the option 

A. Technical: Some [8/4/06] Ed: states have shown preference to accept engines with lean burn technology over rich burn engines using after-treatment. But as of mid-2006 no engine manufacturers offer the lean burn engine at less than 300 HP. So manufacturers would have to develop a new engine to meet this requirement. 

B. Environmental: Study the effect of HAPs formation in lean burn emission and whether further reduction is necessary. 

C. Economic: This is the best economic solution when the power rating is available and the total emissions for all pollutants meet the requirement. Typically this is a more economically viable solution than having a rich burn engine with added controls, catalysts and air to fuel ratio.  

IV. Background data and assumptions used 

Since there are no known lean burn engines under 300 hp, engine manufacturers may be interested in developing them. The development of these engines may be the most acceptable solution to users, EPA, and states.
V. Any uncertainty associated with the option (Low, Medium, High)

The uncertainty is not in the lean burn technology but in the ability to meet the air emission requirement across all hp ratings (from 25 - 425 hp) and the acceptance of the final composition of the exhaust gases (including HAPs). 

Manufacturers are not unwilling to create new technologies but there is a risk associated with the types of investment returns on technologies developed for small engines. 

VI. Level of agreement within the work group for this mitigation option
Some believe that after-treatment is the best option.  This is acceptable to an engine manufacturer but this option adds cost related to the additional equipment needed, permitting and monitoring process. In addition, there is the suspicion that engines with after-treatment may be working out of compliance at any one point. 

VII. Cross-over issues to the other source groups (please describe the issue and which groups)
[8/4/06] Expansion: A study should be conducted on what would achieve the lowest emissions:

· lean burns with no after‑treatment

· lean burns with oxidation catalysts and AFRs

· or rich burns with catalysts and AFRs.

From the results, select the option that produces the lowest emissions.
Mitigation Option: Interim Emissions Recommendations for Stationary RICE TC "Interim Emissions Recommendations for Stationary RICE" \f C \l "4" 
I. Description of the mitigation option

The following mitigation option paper is one of three that were written based on interim recommendations that were developed prior to the convening of the Four Corners Air Quality Task Force. Since the Task Force's work would take 18-24 months to finalize, and during this time oil and gas development could occur at a rapid pace, an Interim Emissions Workgroup made up of state and federal air quality representatives was formed to develop recommendations for emissions control options associated with oil and gas production and transportation. The Task Force includes these recommendations as part of its comprehensive list of mitigation options.

Require a 2 g/bhp-hr limit on engines less than 300 HP:

· May lead to 60 to 80 percent reduction in NOx

· Help with visibility impairment in Class I areas in four corners region

· Several manufacturers offer engines that meet this specification

· NSCR catalytic reduction can be added at reasonable cost [1/10/07]Expansion: Potential engine durability concerns associated with elevated exhaust temperatures must be addressed when considering reasonable costs of installation of NSCR]
· Ammonia emissions may increase from use of NSCR catalyst

· Increased ammonia may or may not affect visibility in the region

· Without implementation, air quality standards may be exceeded

Require a 1 g/bhp-hr limit on engines larger than 300 HP:

· Lean burn technology is widely available from manufacturers

· The lean burn technology will help protect visibility in the region

· The NAAQS and PSD increments will be less affected

· Deposition of NOx and related compounds would be reduced

II. Description of how to implement

BLM in New Mexico and Colorado are currently requiring these emission limits as a Condition of Approval for their Applications for Permits to Drill.  These limits currently apply only to new and relocated engines.  These limits should be mandatory for all new and relocated engines and potentially for existing engines as well.  The most appropriate agencies to implement this would be BLM and the New Mexico and Colorado environment departments.

III. Feasibility of the Option

The feasibility of a 2 g/bhp-hr limit has been demonstrated and equipment is commercially available. The economic feasibility is acceptable for new engines since the equipment is somewhat more expensive. [1/10/07] Clarification: Economic feasibility is acceptable for many new engines since the equipment is somewhat more expensive. [1/10/07]Differing Opinion: A number of new and existing engines cannot accept NSCR due to potential durability concerns associated with elevated exhaust temperatures during the needed stoichiometric operation.  The technical feasibility of a 1 g/bhp-hr limit has been demonstrated in commercial applications.  The environmental benefits are significant. New lean burn engines can achieve this emission limit with no add-on controls, and rich burn engines can utilize add-on controls to achieve this limit.  The cost is acceptable given the large amounts of gas being compressed by these engines. 

IV. Background data and assumptions used

The 2 g/bhp-hr limit is based on existing engine technology in conjunction with an NSCR catalyst.  The assumptions are that these engines are more than 40 HP and less than 300 HP and that they are natural gas fueled.  Further, these engines would be operated with an air fuel ratio controller.  The technology for the 1 g/bhp-hr engines larger than 300 HP in natural gas is well established.

V. Any uncertainty associated with the option

The uncertainty associated with this option is the potential formation of ammonia emissions as a result of add on controls.  Ammonia emissions could worsen the air quality in the region.  (See ammonia monitoring mitigation option paper.]

VI. Level of agreement within the work group for this mitigation option

TBD.

[1/10/07] Differing Opinion: EPA has proposed a 1.0 g/bhp-hr NOx limit for new SI engines, > 500 hp, built on or after July 1, 2010, and for new SI engines, 26-499 hp, built on or after January 1, 2011.  While these potential requirements are not expected to be finalized until December 20, 2007, engine manufacturers have already had to initiate engineering work in anticipation of this 1.0 gram requirement.  Although a number of lean-burn engines can meet this requirement now, EPA chose the effective dates based upon the fact that other lean-burn engines need the additional time to meet the standards.  Cummins has initiated significant work requiring significant resources to modify those engines to achieve the forthcoming 2.0 g/bhp-hr NOx standard.  Cummins believes that the incremental benefit offered by a potential pull-ahead of the 1.0 gram standard for larger engines versus the EPA requirement for 2.0 grams NOx soon to be effective followed by the 1.0 gram standard three years later would likely be difficult to justify.  Such a pull-ahead, without sound justification, would undermine the substantial work being done by EPA and engine manufacturers in moving toward a national requirement that is to avoid similar, yet different, requirements.  
VII. Cross-over issues to the other source groups

The cumulative effects and monitoring groups need to address the concerns with ammonia emissions.
Mitigation Option: Provide Training For Field Personnel on Engine Maintenance With Regard to AQ Considerations (forthcoming) TC "Provide Training For Field Personnel on Engine Maintenance With Regard to AQ Considerations (forthcoming)" \f C \l "4" 
Mitigation Option: Next Generation Stationary RICE Control Technologies – Cooperative Technology Partnerships TC "Next Generation Stationary RICE Control Technologies – Cooperative Technology Partnerships" \f C \l "4" 
This options paper investigates the status of four new and/or evolving emissions-control technologies.  They are: laser ignition, air-separation membranes, rich-burn engine with three-way catalyst, and lean-burn NOx catalyst.

Laser ignition is under development in the laboratory, but it has not reached a point where technology transfer viability can be determined.

Air separation membranes have been demonstrated in the laboratory, but have not been commercially available because the membrane manufacturers do not have the production capacity for the heavy-duty trucking industry.  Since stationary engines are a smaller market, there is a high probability that the membrane manufacturers could ramp up production in this area.

Rich-burn engines with three-way catalysts borrow from the well-developed automobile industry.  It is applicable to smaller engines for which lean-burn technology is not available.

There are several variations of lean-burn NOx catalysts, but the one of most interest is the NOx trap.  NOx traps are being used primarily in European on-road diesel engines, but are expected to become common in the U.S. as low-sulfur fuel becomes available.  Applicability to lean-burn natural-gas engines is possible but it will require a fuel reformer to make use of the natural gas as a reductant.

A. Laser Ignition

I. Description of the mitigation option

Overview

Laser ignition replaces the conventional spark plugs with a laser beam that is focused to a point in the combustion chamber. There, the focused, coherent light ionizes the fuel-air mixture to initiate combustion.  Applicability is primarily to lean burn engines, although laser ignition could be applied to rich burn engines.  Compared to rich-burn engines, lean burn engines, which are significantly more efficient, require much higher ignition voltage with spark plugs, whereas it takes lower ignition energy with laser system.

Advantages of laser ignition compared to spark plugs include: 1. Longer intervals between shutdowns for maintenance because wear of the electrodes is eliminated, 2.   More consistent ignition with less misfiring because higher energy is imparted to the ignition kernel, 3. The ability to operate at leaner air-fuel mixtures because higher energy is imparted to the ignition kernel, 4. The ability to operate at higher turbocharger pressure ratio or compression ratio because the laser is not subject to the insulating effect of high-pressure air - air at higher pressure requires a higher voltage to make the spark jump the gap, and, 5. Greater freedom of combustion chamber design because the laser can be focused at the geometric center of the combustion chamber, whereas the spark plug generally ignites the mixture near the boundary of the combustion chamber.

However, laser ignition has some unresolved research issues that must be resolved before it can become commercially available.  These include:  1. Lasers are intolerant of vibration that is found in the engine's environment. 2. Some means of transmitting the laser light to each combustion chamber should be developed while accommodating relative motion between the engine and the laser.  This might be done with mirrors or with fiber optics. Fiber optics generally lead to a simpler solution to the problem.  3. Current fiber optics is limited in the energy flux they can transmit. This leads to a less-than-optimum energy density at the focal point. 4. Wear of the fiber optic due to vibration may limit its lifetime. 5. The cost of a laser is such that multiple lasers per engine are too expensive.  Therefore, a means of distributing the light beam with the correct timing to each cylinder must be developed.

Air Quality and Environmental Benefits

Although laser ignition could be applied to rich burn engines, environmental benefits would accrue to lean burn engines.  Air quality and environmental benefits are difficult to quantify at the current state of development.  The more consistent ignition compared to spark ignition can be expected to decrease emissions of unburned hydrocarbons.  The ability to operate at leaner air-fuel ratios and at higher turbocharging pressure are expected to decrease emissions of NOx because of lower combustion temperatures.  Laser ignition systems have not been developed to the point where the effect of  improved combustion chamber design can be measured.  It is reasonable to expect that a better combustion chamber design would further decrease emissions of unburned hydrocarbons, carbon monoxide, and NOx.  In actual operation of the engine, misfiring of one or more cylinders contributes to loss in efficiency and increase in emissions.  With the laser ignition system, misfiring can be virtually eliminated.  It is estimated that with laser ignited lean burn engines, the regulated levels of California Air Resources Board NOx levels can be met.

Economic

The primary advantage of laser ignition is its potential to eliminate downtime due to the need to change spark plugs.  This advantage would accrue to both rich burn engines and lean burn engines.  Higher efficiency due to near elimination of cylinder misfirings is an additional benefit.

Trade-offs

A tradeoff for engine manufacturers, assuming that laser ignition can be developed to the point of commercial feasibility, is whether or not to develop retrofit kits.  Retrofits would be expected to take away sales of new engines.

A tradeoff for engine users is whether to continue using spark ignition or to purchase a laser ignition that is initially more expensive but has a future economic benefit.

Another tradeoff for engine users is whether to retrofit laser ignition to an existing engine or to spend more money for a new engine in return for future benefits.

II. Description of how to implement 

A. Mandatory or voluntary: Implementation should be voluntary because the primary incentive for implementation is economic.

B. Indicate the most appropriate agency(ies) to implement: At the current state of development, a research organization is the best agency to develop laser ignition.  After its feasibility is shown, an engine manufacturer, working with an ignition system supplier,  is best equipped to carry the development through from product research to a commercial product.

III. Feasibility of the option 

A. Technical: The primary technical risks are whether sufficiently high light flux can be carried through the fiber optic and whether the fiber optic is sufficiently durable.  Laser ignition can be retrofitted to engines that use 18-mm spark plugs.

B. Environmental: If the technical barriers can be overcome, there is little environmental risk to laser ignition.

C. Economic: If the technical barriers can be overcome, the economic incentive for its adoption will depend on whether the engine must operate continuously or whether downtime can be scheduled to change spark plugs.  The requirement for continuous operation favors laser ignition, which is expected to have a higher initial cost than spark ignition, but which can eliminate most of the downtime for changing spark plugs.

IV. Background data and assumptions used 

To be determined.

V. Any uncertainty associated with the option (Low, Medium, High) 

Medium to High

VI. Level of agreement within the work group for this mitigation option

To be determined.

VII. Cross-over issues to the other source groups (please describe the issue and which groups)

To be determined. 

B. Air-Separation Membranes

I. Description of the mitigation option

Overview
The purpose of air-separation membranes is to change the proportion of nitrogen to oxygen in air.  A membrane can be optimized to either enrich the oxygen content or to enrich the nitrogen content.  Both the oxygen enrichment mode and the nitrogen enrichment mode have been tested in the laboratory with diesel engines.  The nitrogen enrichment mode has been tested in the laboratory with Natural Gas Fuel as well.  The oxygen enrichment mode and the nitrogen enrichment mode are mutually exclusive.

Oxygen enrichment produces a dramatic reduction in particulate emissions at the expense of increased NOx emissions.  However, Poola [***ref Poola paper***] has shown that the effects are non linear such that a small enrichment (1 percentage point or less) produces a significant reduction in particulate emissions with only a small increase in NOx emissions.  By retarding the injection timing, one can achieve a reduction in both NOx and particulate emissions.  The overall benefits of oxygen enrichment are relatively small, so it will not be considered further.

Nitrogen enrichment produces the same effect on emissions as exhaust-gas recirculation; NOx decreases while particulate emissions increase.  Unlike diesel exhaust, the nitrogen enriched air does not contain particulate matter.  Manufacturers of heavy-duty diesel engines are concerned that introducing particulate matter from EGR into the engine may cause excessive wear of the piston rings and cylinder liner.  Thus, nitrogen enriched air is seen as an alternative to EGR.  The published data in natural-gas engines show engine-out NOx reductions of 70% are possible with nitrogen-enriched combustion air.  [Biruduganti, et. al.]

Air Quality and Environmental Benefits

Oxygen-enriched air has only been demonstrated in the laboratory to be beneficial with one type of engine that is considered obsolete.  Although the results are encouraging, further testing with a more modern engine would be necessary to confirm the decrease in both NOx and particulate emissions.

The development of oxygen-depleted air is further along and has been demonstrated as an effective alternative to EGR.

Economic

Use of oxygen-depletion membranes might have a higher initial cost than EGR, but would facilitate a longer interval between overhauls.  It will have no adverse impact on engine wear or durability; however, EGR at high levels will have reduced engine durability.

Trade-offs

Engine manufacturers are concerned about the abrasive effects of partuculate matter on piston rings and cylinder liners and other deleterious effects of EGR [830.pdf].  For the manufacturer the tradeoff is between the initial cost of an oxygen depletion membrane versus the higher frequency of overhauls required with EGR.

II. Description of how to implement 

A. Mandatory or voluntary: Implementation should be voluntary because the primary incentive for implementation is economic.

B. Indicate the most appropriate agency(ies) to implement:  The engine manufacturer is the appropriate agency to implement air separation membranes because the primary issue is initial cost versus frequency of overhauls.

III. Feasibility of the option 

A.
Technical:  The technical feasibility of oxygen-depletion membranes has been demonstrated as an alternative to EGR. The technical feasibility of oxygen-enrichment membranes has only been shown in the laboratory for one type of engine. The technical advantages of nitrogen enrichment with membranes have been demonstrated in the laboratory for natural gas and diesel engines.

B.
Environmental: The environmental benefits of oxygen-depletion membranes are the same as EGR.

C.
Economic: Membrane manufacturers are presently unable to produce enough membranes for widespread implementation of the technology in truck engines.  However, the oil and gas industry is a smaller market, which might allow the membrane manufacturers to ramp up their production levels.  Because of this situation, the economic feasibility of air-separation membranes is difficult to assess.

IV. Background data and assumptions used 

www.enginemanufacturers.org/admin/library/upload/830.pdf 

Published technical papers by Argonne National Laboratory and others.  [***insert specific references here***]

V. Any uncertainty associated with the option (Low, Medium, High)

Low to medium.  The technology would receive a "low" uncertainty rating if the availability issue were more settled.

VI. Level of agreement within the work group for this mitigation option

To be determined.

VII. Cross-over issues to the other source groups (please describe the issue and which groups)

To be determined.

C. Rich-Burn Engine with Three-Way Catalyst

I. Description of the mitigation option 

Overview

Rich-burn engines with a three-way catalyst borrow from the well developed automobile technology using the same type of catalyst.  Key to efficient operation of the catalyst is maintenance of slightly lean of stoichiometric operation of the engine.  Typically the exhaust oxygen content is maintained in a narrow range not exceeding 0.5% by means of an oxygen sensor in the exhaust stream and closed-loop feedback control of the fuel flow.  The oxygen content is enough to catalytically oxidize carbon monoxide and unburned hydrocarbons as it chemically reduces NOx to molecular nitrogen and water.  If the engine is operated lean of its desired operating point, NOx reduction efficiency drops off dramatically.  If operation is rich, emissions of carbon monoxide and unburned hydrocarbons increase.

It is commercially available as a retrofit for smaller engines.  Larger engines are usually operated in the lean-burn mode.  

Air Quality and Environmental Benefits 

Air quality benefits would be similar to automobiles, where catalytic converters are universally used with rich burn engines.

Economic

Cost of three-way catalyst systems is considered high, but less than that of SCR with a lean-burn engine.

Trade-offs

For small engines (that is, less than 200 BHP) lean burn technology may not be available.  Where there is a choice of rich-burn or lean-burn engines, the lean-burn engines offer better fuel economy and more effective, albeit more expensive, overall emissions control via SCR and oxidation catalysts.

II. Description of how to implement 

A. Mandatory or voluntary:  The use of three-way catalysts will be dictated by the stringency of emissions regulations.  Three-way catalysts are sufficiently expensive that they are not likely to be adopted voluntarily.

B. Indicate the most appropriate agency(ies) to implement:  U.S. EPA and state agencies

III. Feasibility of the option 

A. Technical: The technology is commercially available and has been proven effective.  Rich-burn engines have higher engine-out NOx emissions, typically about 10-20 g/BHP-hr [830.pdf and reportoct31.doc], than lean-burn engine have.  This requires the removal of at least 95% of the NOx if overall emissions are to be reliably reduced to less than 1 g/BHP-hr.

B. Environmental:  The State of Colorado estimates that a 3-way catalyst can remove 75% of the NOx, unburned hydrocarbons, and carbon monoxide [reportoct31.doc, although manufacturers of equipment claim that 98-99% of these pollutants are removed.

C. Economic: The State of Colorado estimates that the cost of retrofitting a three-way catalyst system to a rich-burn engine over 250 BHP is $35,000 with annual operating costs of $6,000 [reportoct31.doc].

IV. Background data and assumptions used 

www.apcd.state.co.us/documents/eac/cd2/reportoct31.doc
www.enginemanufacturers.org/admin/library/upload/830.pdf 

V. Any uncertainty associated with the option (Low, Medium, High)

Low.

VI. Level of agreement within the work group for this mitigation option

To be determined.

VII. Cross-over issues to the other source groups (please describe the issue and which groups)

To be determined. 

D. Lean-Burn NOx Catalyst, Including NOx Trap

I. Description of the mitigation option 

Overview

Lean-burn NOx catalysts have been under development for at least two decades in the laboratory with the intent of producing a lower cost alternative to SCR.

Several variants of lean-burn NOx catalysts have been studied:  (1) Passive lean-burn NOx catalysts simply pass the exhaust over a catalyst.  The difficulty has been low NOx conversion efficiency because the oxygen content of a lean-burn exhaust works against chemical reduction of NOx.  Conversion efficiencies of the order of 10% are typical [park.doc.

(2)  Active lean-burn NOx catalysts use a fuel as a reductant.  The catalyst decomposes the fuel, and the resulting fuel fragments either react with the NOx or oxidize.  Methane is much more difficult to decompose than heavier fuels, such as diesel [aardahl.pdf.  A wide range of NOx reduction efficiencies from 40% to more than 80% have been published [park.doc and icengine.pdf].  Variants of active lean-burn catalyst systems may use plasma or a fuel reformer to produce a more effective reductant than neat fuel [aardahl.pdf, 2003_deer_aardahl.pdf, and 80905199.htm].

(3)  NOx trap catalysts are a more recent development that has seen some laboratory success.  Operation is a two-step cyclic process.  In the first stage the NOx trap adsorbs NOx while the engine operates in a lean-burn mode.  In the second stage, the engine operates with excess fuel in the exhaust.  The fuel decomposes on the catalyst and reduces the NOx to molecular nitrogen and water.  When the supply of trapped NOx is exhausted, the system reverts back to first-stage operation.  NOx reduction efficiencies in excess of 90% have been published [parks01.pdf.  A sophisticated engine control is required to make this system work.

Air Quality and Environmental Benefits

NOx traps have been proven to be effective and have seen some limited commercial success in Europe.  NOx traps are one of the reasons for the dramatic reduction in sulfur content of diesel fuel in the U.S.  Fuel-borne sulfur causes permanent poisoning of NOx-trap catalysts.  There are doubts regarding the NOx conversion efficiency levels after 1,000 hours or longer use.  This should be evaluated, as well as the durability of the equipment.

Active lean-NOx catalysts have seen limited commercial success because they are less effective than NOx traps and are not being considered for on-road diesel engines.  Some instances of formation of nitrous oxide (N2O) rather than complete reduction of NOx have been reported.

Passive Lean-NOx catalysts do not provide enough NOx reduction to be considered viable.

Economic

Costs of retrofitting a lean-burn NOx catalyst are estimated at $6,500 to $10,000 per engine [retropotentialtech.htm], $15,000-$20,000 including a diesel particulate filter [V2-S4_Final_11-18-05.pdf] for off-road trucks.  Estimates are $10-$20/BHP for stationary engines [icengine.pdf]. 

Little information on the cost of  NOx-trap catalytic systems was found.  The overall complexity of a NOx-trap system is only slightly more than that of a lean-burn NOx catalyst, so costs can be expected to be slightly higher.  With methane-burning engines, both active lean-burn NOx catalysts and NOx-trap catalysts require a fuel reformer or other means of dissociating methane.  This will add an increment of cost.

Both active lean-NOx technology and NOx-trap technology impose a fuel penalty of 3-7%.

Trade-offs

NOx-trap systems compete with SCR systems.  For methane-burning engines, a fuel reformer is required for NOx-trap systems.  Fuel reformers are less well developed.

If emissions regulations can tolerate higher NOx emissions, an active lean-burn NOx catalyst might be considered.

II. Description of how to implement 

A. Mandatory or voluntary:  The costs of lean-burn NOx catalysts and NOx traps are such than voluntary compliance is unlikely.  However, depending on the strictness of the regulations, the user may have a choice of systems.

B. Indicate the most appropriate agency(ies) to implement:  U.S. EPA and state agencies.

III. Feasibility of the option 

A. Technical: NOx-trap systems are proven and commercially available for diesel engines.  However, they require low-sulfur diesel fuel (less than 15 ppm) to minimize sulfur poisoning of the catalyst.  Active lean-burn catalysts are available, but they have a lower NOx reduction efficiency than NOx-trap systems have. Both the lean-burn NOx catalyst and the NOx trap requires a fuel reformer (which can be a catalyst stage upstream of the NOx catalyst) to operate at full efficiency with natural-gas fueled engine.

B. Environmental: Lean-burn NOx catalysts and NOx-trap catalysts do not have the ammonia slip issue that SCR systems have, but lean-burn NOx catalysts may only partially reduce some of the NOx to nitrous oxide (N2O).  The NOx reduction efficiency of NOx traps is similar to that of SCR systems (>90%), but active lean-burn NOx catalysts have a lower efficiency (40-80%).

C. Economic: Lean-burn NOx catalysts and NOx traps have lower costs than SCR and they avoid the need to purchase and maintain a separate reductant.  However, both lean-burn NOx catalysts and NOx traps impose a fuel consumption penalty of 3-7%.

IV. Background data and assumptions used 

Abstract of Caterpillar paper found at www.emsl.pnl.gov/new/emsl2002/abstracts/park.doc. 

www.meca.org.galleries/default-file/icengine.pdf 

www.energetics.com/meetings/recip05/pdfs/presentations/aardahl.pdf 

www.eere.energy.gov/vehiclesandfuels/pdfs/deer_2003/session10/2003_deer_aardahl.pdf 

www.swri.org/epubs/IRD1999/08905199.htm 

www.feerc.ornl.gov/publications/parks01.shtml 

www.epa.gov/oms/retrofit/retropotentialtech.htm 

www.wrapair.org/forums/msf/projects/offroad_diesel_retrofit/V2-S4_Final_11-18-05.pdf 

V. Any uncertainty associated with the option (Low, Medium, High)

NOx traps have a low uncertainty if they are used with low sulfur diesel fuel.  They have a medium uncertainty when used with natural gas because of the need to reform the fuel.

Lean-burn NOx catalysts have a medium uncertainty because they may not be able to meet future emissions regulations.

VI. Level of agreement within the work group for this mitigation option

To be determined.

VII. Cross-over issues to the other source groups (please describe the issue and which groups)


To be determined.  The issue of incomplete NOx reduction that leaves some nitrous oxide (N2O) may be moot if active lean-burn NOx catalysts cannot meet future emissions regulations.

Summary

Four technologies are reported:  laser ignition, air-separation membranes, rich-burn engine with three-way catalyst, and lean-burn NOx catalyst.

Laser ignition is not presently a commercial product.  The impetus for investigating it is the potential to eliminate the need for changing spark plugs.  It will also allow operation at leaner air-fuel ratios, higher compression ratios, and higher turbocharging pressure.  Leaner air-fuel ratios imply lower engine-out NOx emissions so the after treatment can be smaller or can give lower overall emissions.  Higher compression ratios and turbocharging ratios imply higher engine efficiency.

Air-separation membranes used to deplete oxygen from the combustion air can serve as a clean replacement for EGR.  That is, an engine using oxygen-depleted air would not be ingesting combustion products.  Engine manufacturers are concerned that EGR will shorten the life of their engines and lead to premature overhauls and warranty repairs.  The technology has been demonstrated in the laboratory, but has not been used for heavy-duty trucks because membrane manufacturers do not have enough production capacity for the market.  Stationary engines are a smaller market, so the membrane manufacturers may be able to ramp up their capacity with stationary engines.  Applicability is to diesel engines and rich-burn natural-gas engines.  Oxygen-depletion membranes have not been tested with lean-burn natural-gas engines.

A rich-burn engine with a three-way catalyst is a mature technology that is borrowed from automobile engines.  The three-way catalyst effectively control NOx, unburned hydrocarbon, and carbon monoxide emissions.  It requires an exhaust oxygen sensor with a closed-loop control of the fuel so that exhaust oxygen is maintained in a narrow range not exceeding 0.5%.  It can be retrofitted to existing engines and is primarily applicable to small engines for which lean-burn combustion is not available.  Its primary disadvantages are cost and the inherently lower efficiency of rich-burn engines compared to lean-burn engines.

Lean-burn NOx catalysts have several forms, but the one that is of most interest is the NOx-trap catalyst.  Unlike SCR, lean-burn NOx catalysts use the engine's fuel as a reductant and do not require a separate supply of reductant.  It is a well proven in the laboratory and is commercially available in Europe for diesel engines, but it requires a fuel reformer if natural gas is used as the reductant.  A sophisticated control system is required to cycle the engine between its two modes of operation.  Ammonia slippage is not an issue with NOx traps, and if there is any slippage of unburned fuel it can be removed with an oxidation catalyst.  Cost is high but less than that of SCR systems.  A disadvantage of NOx traps is that they are intolerant of fuel-borne sulfur.  For diesel fuel, the sulfur content must be less than 15 ppm.  Fuel-borne sulfur permanently poisons the catalyst.  Since fuel is used as a reductant, there is a fuel consumption penalty of 3-7%.
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