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Discussed below are my responses to questions posed in the Scope of Work dated October 14, 2003 entitled “Control of Compressor Engine Emissions and Related Costs and Considerations.”  The responses are based on my knowledge of natural gas gathering and treating (mid stream) operations, discussions with mid stream operators, equipment manufactures, suppliers, along with literature searches.  
The scope of this study is limited to common and practical air emission control strategies for two and four cycle, rich burn, (exhaust O2 < 0.5%), and lean burn (exhaust O2 > 4.0%) natural gas fired, reciprocating, internal combustion engines (RICE), that are larger than 250 horsepower.  
Rich burn RICE are the engines most amenable to retrofit air emission controls.  Rich burn RICE exhibit typical nitrogen oxides (NOx) and carbon monoxide (CO) emission factors in the range of 10-20 grams/horsepower hour (g/hphr), with volatile organic compound (VOC) emission factors of about 1-2 g/hphr.  The AP42 estimated VOC/hazardous air pollutant (HAP) emissions for this type of engine is attached as exhibit 1.  
Four-cycle lean burn RICE have typical NOx and CO emission factors in the range of 1-2 g/hphr.  Most 2 cycle RICE operate as lean burn engines with NOx and CO emissions of approximately 2-3 g/hphr.  The AP42 estimated VOC/hazardous air pollutant (HAP) emissions for this type of engine is attached as exhibit 2, 3.  

Three way, non-selective catalyst reduction (NSCR) can be installed on rich burn RICE to reduce NOx, CO, and VOC emissions by up to 99%.    

Oxidation catalysts can be installed on lean burn RICE to reduce only CO and VOCs emissions by about 95%.
Selective catalyst reduction (SCR) can be installed on lean burn RICE to reduce NOx emissions by about 90%.  An oxidation catalyst can be installed with a SCR to reduce CO and VOC emissions by about 95%.  

RICH BURN RICE
The air emission control strategies identified for rich burn RICE emissions include the following:

1)
Three way non-selective catalyst reduction (NSCR) complete with an air fuel ratio (AFR) controller 


2)
Pre combustion chambers
I will discuss the particulars of each control strategy below.  

1) Three way non-selective catalyst reduction complete with an air fuel ratio controller:
A NSCR is similar to the catalyst controls installed on most modern automobiles sold in the United States.  Exhaust from the RICE is passed through a metallic or ceramic honeycomb covered with a platinum group metal catalyst.  The catalyst promotes the low temperature (~850 degrees Fahrenheit) reduction of NOx into N2, the oxidation of CO into CO2, and the oxidation of VOCs into H2O and CO2.  One critical factor for the efficient operation of the catalyst is for the exhaust to contain no more than 0.5% O2.  An AFR measures the oxygen concentration in the exhaust and adjusts the inlet air fuel ratio to meet the 0.5% O2 exhaust requirement.  
Various NSCR equipment manufactures quote NOx, CO, and VOCs emission reductions of 99% with the installation of a NSCR&AFR on a rich burn RICE.  The attached emission reduction spreadsheet reflects a 99% emission reduction factor for NOx, CO, and VOCs.  A NSCR&AFR can be retrofitted on a 500 hp RICE for approximately $25,000, with about two days of down time.  The cost increases to about $35,000 for a 1,100 hp RICE.  (exhibit 4)
The annual operating costs of a NSCR&AFR are about $6,000 per year that includes catalyst washing, a reserve for catalyst replacement, replacing O2 sensors, thermocouples, and labor.  Annual down time for the RICE will increase by about 2-3 days to perform maintenance on the NSCR&AFR.  The annual operating costs of a NSCR&AFR are not significantly affected by the size of the RICE.  
2)
Pre combustion chambers
Some rich burn RICE can be converted to lean burn operation by replacing the intake manifold with a manifold that includes pre combustion chambers.  Lean burn inlet mixtures sometimes do not support ignition and smooth RICE operation.  A slightly richer fuel/air mixture is ignited in a pre combustion chamber, the flame front then moves into the primary combustion chamber, allowing for combustion of the lean fuel/air mixture.  

The RICE is removed from service for at least two weeks, usually a top overhaul is performed (pistons, cylinders, intake manifold, exhaust manifold), then the replacement intake manifold complete with pre combustion chambers is installed.  Often times a complete overhaul is required.  
I have seen a recent quote for $110,000 to install pre combustion chambers on a 1,100 hp White Superior 8G825 engine.  Annual operating costs are not anticipated to exceed the normal operating costs of a rich burn RICE.  
A rich burn RICE retrofitted to lean burn operation should be able to meet a 2 g/hphr emission standard for NOx and CO, VOC emissions will remain the same at about 1 g/hphr.  
LEAN BURN RICE
The air emission control strategies identified for lean burn RICE emissions include the following:

1)
Selective catalytic reduction (SCR) for the reduction of NOx



2)
Selective catalytic reduction (SCR) plus oxidation catalyst



3)
Oxidation catalyst

I will discuss the particulars of each control strategy below.  

1) Selective catalytic reduction (SCR) for the reduction of NOx

A SCR controller utilizes a reducing agent (ammonia or urea) and a titanium dioxide, vanadium dioxide catalyst to reduce NOx emissions by up to 90% from lean burn RICE with exhaust oxygen concentrations greater than 4.0%.  The complexities of the system include liquid storage, air, and reactant metering.  (exhibit 5)
A SCR can be retrofitted on a 500 hp lean burn RICE for approximately $125,000, with about three days of down time.  The cost increases to about $150,000 for a 1,100 hp RICE.  

The annual operating costs of a SCR on a 1,000 hp RICE are about $140,000 per year that includes ammonia or urea, catalyst washing, a reserve for catalyst replacement, replacing sensors, thermocouples, and labor.  Annual down time for the RICE will increase by about 2-3 days to perform maintenance on the SCR.  The annual operating costs of a SCR are significantly affected by the size of the RICE and the resulting requirement for ammonia or urea. 

2) Selective catalytic reduction (SCR) plus oxidation catalyst

This control strategy is that same as a SCR with the addition of an oxidation catalyst that will reduce CO and VOCs by up to 95 %.(exhibit 6)
An oxidation catalyst can be installed along with a SCR on a 500 hp lean burn RICE for approximately $15,000, with about two days of down time.  The cost increases to about $20,000 for a 1,100 hp RICE.  

The annual operating costs of an oxidation catalyst are about $6,000 per year that includes catalyst washing, a reserve for catalyst replacement, replacing sensors, thermocouples, and labor.  Annual down time for the RICE will increase by about 2-3 days to perform maintenance on the oxidation catalyst.  The annual operating costs of an oxidation catalyst are not significantly affected by the size of the RICE.  

3) Oxidation catalyst
An oxidation catalyst can be installed on a lean burn RICE that will reduce just CO and VOCs by up to 95% (exhibit 7)
An oxidation catalyst can be installed on a 500 hp lean burn RICE for approximately $15,000, with about two days of down time.  The cost increases to about $20,000 for a 1,100 hp RICE.  

The annual operating costs of an oxidation catalyst are about $6,000 per year that includes catalyst washing, a reserve for catalyst replacement, replacing sensors, thermocouples, and labor.  Annual down time for the RICE will increase by about 2-3 days to perform maintenance on the oxidation catalyst.  The annual operating costs of an oxidation catalyst are not significantly affected by the size of the RICE.  

Conclusions:

I believe that the most common and practical NOx, CO, and VOC emission control strategy for rich burn RICE is a three way NSCR&AFR.  
The most common and practical CO and VOC emission control strategy for a lean burn RICE is an oxidation catalyst.  
The addition of a SCR on a lean burn RICE is an expensive NOx control strategy.  A regulatory requirement to add a SCR to a RICE would in effect penalize those companies that made a prior good faith effort to reduce NOx emissions by installing a low NOx RICE.  
Emission Control Spreadsheet:

Attachment “1” is a spreadsheet identifying natural gas fired RICE reported to the CDPHE APCD and located in North East Colorado (Adams, Arapahoe, Boulder, Denver, Jefferson, Larimer and Weld counties).  The first page represents reported air emissions from natural gas fired four cycle rich burn RICE.  The second page represents air emissions from natural gas fired two and four cycle lean burn RICE that are already considered to be low NOx emission (NOx < 3 g/hphr) RICE.  The last page represents air emissions from rich burn RICE that are controlled by AFR&NSCR.  
It appears that the NOx emissions from about 270 northeastern Colorado engines total 13,243 tpy.  The NOx emissions from 94 rich burn four cycle RICE total 5,568 tpy.  If all of the four-cycle rich burn RICE are controlled with a NSCR&AFR, the NOx emissions from just these 94 RICE would fall to about 55 tpy.  If only four-cycle rich burn RICE where the NOx control costs are less than $3,000/ton are controlled, then the total NOx emissions for these 94 RICE would be 216 tpy.  

North East Colorado Compressor Engine Emissions
From Attachment 1
	Existing RICE
	NOx/tpy
	CO/tpy
	VOC/tpy

	Only rich burn RICE with no controls
	5,568
	3,817
	874

	Only lean burn RICE with no controls
	4,347
	2,597
	1,806

	Only rich burn RICE, with AFR& NSCR
	3,327
	3,547
	1,082

	All NE Colorado RICE
	13,243
	9,962
	3,764


	Retrofit Controls
	NOx/tpy
	CO/tpy
	VOC/tpy

	Rich burn RICE, add AFR& NSCR
	55
	38
	8

	Lean burn RICE, add SCR & Oxidation catalyst
	437
	129
	90

	Lean burn RICE, add oxidation catalyst only
	4,347
	129
	90


The emission source data listed on the attached spreadsheet does not consistently represent the horsepower rating of the RICE.  Therefore, for rich burn RICE, I have used the retrofit capital control cost of $35,000, and annual operating costs of $6,000 to determine the cost to control a ton per year of NOx, CO and VOC emissions. 

For lean burn RICE, I have used a retrofit capital control cost of $150,000 to determine the cost to control a ton per year of NOx, with an annual operating cost of $140,000.  Additionally, for lean burn RICE, I have used a retrofit capital control cost of $20,000 to determine the cost to control a ton per year of CO and VOCs, with an annual operating cost of $6,000.  

The control costs listed on the attached spreadsheet are low because they do not adequately account for depreciation or the time value of money.  It is my belief that a NSCR&AFR or SCR installed on existing RICE would be expensed in year one.  The annual operating cost of a NSCR&AFR, or SCR should be escalated by some inflation factor (estimated at 4%), then discounted to year one over the expected life of the asset (estimated at 15 years), with some discount factor (estimated at 10%).  Most everyone will have a different asset life, inflation rate, and discount rate.  
Thomas P. Mark

8026 South Quince Way

Centennial, CO  80112-3214

303-949-7214
Glossary
AFR:
Air fuel ratio controller:
An AFR is designed to measure the oxygen concentration of the exhaust from a rich burn RICE, and to adjust the inlet air fuel ratio so that a desired exhaust oxygen concentration is maintained.  An AFR is most commonly used in conjunction with a NSCR to maintain the exhaust oxygen concentration in the range of no more than 0.5%.  

g/hphr:
Grams per horsepower hour:
g/hphr is a common method to express an emission factor for a RICE.   
Lean Burn:

Lean burn means an inlet fuel ratio that contains more oxygen than is necessary to support complete combustion.  A lean burn fuel mixture typically exhibits an exhaust oxygen concentration in excess of 4.0%.  

Low NOx:

Low nitrogen oxides:
Low NOx means a RICE that emits NOx at a rate of less than 3 g/hphr.  
NSCR:
Non-selective catalyst reduction:
NSCR is a platinum group metal catalyst installed in the exhaust stream of rich burn RICE to reduce the emissions of NOx, CO, and VOCs.  
Oxidation Catalyst:
An oxidation catalyst is a platinum group metal catalyst installed in the exhaust stream of lean burn RICE to reduce the emissions of CO, and VOCs.  An oxidation catalyst may be installed along with a SCR.  
RICE:
Reciprocating internal combustion engine: 
RICE are either two stroke, (intake + compression, power + exhaust), or four stroke (intake, compression, power, exhaust), and operate with a rich burn (stoichiometric) or lean burn (excess oxygen) fuel to air mixture.  

Rich Burn:

Rich burn means an inlet air fuel ratio that is stoichiometric or an inlet mixture that contains the correct amount of oxygen to completely combust the inlet fuel.  A rich burn fuel mixture typically exhibits an exhaust oxygen concentration of about 0.5%.  
SCR:
Selective catalyst reduction:
A SCR is a titanium dioxide and vanadium dioxide catalyst installed in the exhaust stream of a lean burn RICE that uses a nitrogen containing compound (ammonia, urea) to reduce the emissions of NOx.  
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