Mitigation Option: Install Electric Compression (Alternative - On-Site Generators) 

I. Description of the mitigation option 

Overview 
As an alternative to grid power dedicated on-site natural gas-fired electrical generators can be used to supply power to electric motors that replace the selected RICE compression engines.  The electric motors would be rated at an equivalent horsepower to that of RICE engines currently used for gas compression. The power sources for the electric compression could consist of a network of on-site gas-fired electrical power generators. The alternative could be expanded to include consideration of replacement of other engines, such as, gas-fired pump-jack engines used as "prime-movers." 

The currently available gas electric generator run on variety of fuels including low fuel landfill gas or bio-gas, pipeline natural and field gases. The gas electric generators are available in the power rating from 11 kW to 4,900 kW.  Decisions on the use of on-site generators to replace natural gas-fired engines and the number of generators required would depend on a number of factors, including the proximity, spacing and size of existing engines.  As a simple  example using the conversion factor of  1 MW = 1,341 HP, adding a 1 MW natural gas-fired generator could replace an inventory of approximately 33 small (40 hp) internal combustion engines if these were reasonably close proximity, say spaced within a one or two mile radius.  However, in "real world" operations, there will be several factors involved in determining the number of required gas-fired electrical generators; such as transmission loss, ambient operating temperature, load operating conditions, pattering of applied loads, etc.  

Air Quality/Environmental Benefits
The emissions from gas electrical generators are relatively low compare to smaller internal combustion engines because of new technology and ability of controlling emission from big engines. For example a Caterpillar G3612 gas electrical generator with power rating of 2275 kW emits 0.7 gram/hp-hr NOx at 900 rpm, which is equivalent to 0.0009387 g/W-hr. For comparative illustration with alternative 1, if you assume ….   As stated in the mitigation option; "Control Technology Options for Four Corners Power Plant" (FCPP), the NOx emission from FCPP is approximately 0.54 g/mmBtu. Based on the assumption that efficiency of FCPP is 40%, the NOx emission from FCPP is approximately 0.002099 g/W-hr.  This comparison shows that the gas electrical generator is more environmentally friendly then using power from a coal based power plant. The baseline average emission for the Western Grid should be used to calculate the real emission difference between installing a lean burn electric generator to replace combustion engines.

The noise from continuously running internal combustion engines can be an issue for the nearby residents. The switch to electric motors will also help cut down the noise in the oil and gas operation.  

The need for less maintenance of electric motors and lean burn electric generator will result in fewer maintenance trips for the oil and gas workers which will help in controlling dust as well minimize the impact on wild area  in the four corners region.

Economics
The initial capitol cost of installing gas electrical generator and electrical motor would be relatively high.  As an example, a generator of 1 MW capacity can approximately support 33 combustion engine of 40 HP. A general purpose 40 HP engines costs about $ 1200.00 which results in capital cost of $39,600 for replacing 33 internal combustion engine with electric motors. The approximate cost of a 1.2 MW gas-fired generator is $430,000. The total capital cost for replacing 33 engines with a gas fired generator will be about $470,000. However in long term the benefit in terms of emission reduction and saving in maintenance cost should help in recovering the initial capital cost.

The maintenance cost of one big generator is cheaper than maintenance of many smaller internal combustion engines.


The cost of running electrical wires to connect electric motors will much less than currently installed pipelines to carry natural gas for the small rich burn combustion engines.

Tradeoffs
In case of gas electric generators, there will be shift of emission from many internal combustion engines to one or several big internal combustion engine(s). There would be a net reduction in emissions which will depend on degree of conversion that each producer deems economically feasible.


The cost and affects of running transmission lines from generator(s) to power electrical motors for gas compression needs to be evaluated.  

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: The feasibility mainly depends on the close proximity of replaceable internal combustion engines and operating conditions of internal combustions engines in order of selection of gas electrical generator.  The power, transmission line and substation requirements for on-site lean-burn generator system would need to be carefully considered in deciding the feasibility of this option. 
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. Emissions from on-site electric generators would more than off-set the natural gas-fired engines that could be targeted for replacement (e.g., uncontrolled compressor engines or small rich burn pump jack engines).   
 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. Suppliers/Manufacturers would have to be poised to meet the demand of providing a large number of electrical motors, large and small.

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.

Gas electrical generator information was obtained from Caterpillar's Website. 

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 

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 option 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  TBD.
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 TBD

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

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 TBD

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

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 TBD

VII. Cross-over issues to the other source groups  TBD

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.

I. 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.

II. 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%.

III. 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 TBD

VII. Cross-over issues to the other source 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.

E.  Homogeneous-Charge Compression-Ignition (HCCI) Engine

I.  Description of the mitigation option

Overview

Homogeneous charge compression ignition (HCCI) engines are under development at several laboratories.  In these engines a fully mixed charge of air and fuel is compressed until the heat of compression ignites it.  The HCCI combustion process is unique since it proceeds uniformly throughout the entire cylinder rather than having a discreet high-temperature flame front as is the case with spark ignition or diesel engines.  The low-temperature combustion of HCCI produces extremely low levels of NOx.  The challenge of HCCI is in achieving the correct ignition timing, although progress is being made in the laboratories.1

Only a few experimental measurements of NOx from (HCCI) engines have been reported.  The measurements are typically reported as a raw NOx meter measurement in parts per million rather than being converted to grams per horsepower-hour.  Dibble reported a baseline measurement of 5 ppm when operated on natural gas.2 Green reported NOx emissions from HCCI-like (not true HCCI) combustion of 0.25 g/hp-hr.3 The achievable NOx emission levels are yet to be determined.  It is not currently known if HCCI technology can be applied to all engine types and sizes. However, if all reciprocating engines could be converted to HCCI so that the engines produce no more than 0.25 g/hp-hr, then the overall NOx emissions reduction would be 80% in both Colorado and New Mexico using the calculation methodology of the SCR mitigation option.

II.  Description of how to implement

A. Mandatory or voluntary:  It is too early to determine whether implementation of this technology will be voluntary or mandatory.
B. Indicate the most appropriate agencies to implement

III. Feasibility of the option

A. Technical: HCCI is in the laboratory stage of development.

B. Environmental:  HCCI has the potential of extremely low NOx levels.

C. Economic:  HCCI is not sufficiently developed to have proven economic feasibility.

IV. Background data and assumptions used

1. Bengt Johansson, "Homogeneous-Charge Compression-Ignition:  The Future of IC Engines," Lund Institute of Technology at Lund University, undated manuscript.

2. Robert Dibble, et al, "Landfill Gas Fueled HCCI Demonstration System," CA CEC Grant No: PIR-02-003, Markel Engineering Inc.

3. Johney Green, Jr., "Novel Combustion Regimes for Higher Efficiency and Lower Emissions," Oak Ridge National Laboratory, "Brown Bag" Luncheon Series, December 16, 2002.

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

HCCI has high uncertainty.

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 group.)

Summary

Five technologies are reported:  laser ignition, air-separation membranes, rich-burn engine with three-way catalyst, lean-burn NOx catalyst, and Homogeneous-Charge Compression-Ignition (HCCI) Engine.
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%.

