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Disclaimer 
This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that is use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 
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Abstract 
 

 

During the fourth reporting period, the project team investigated the Non-Selective Catalytic 
Reduction technologies that are in use on rich-burn four-stroke cycle engines. Several engines 
were instrumented and data collected to obtain a rich set of engine emissions and performance 
data. During the data collection, the performance of the catalyst under a variety of operating 
conditions was measured. This information will be necessary to specify a set of sensors that can 
then be used to reliably implement NSCRs as plausible technologies to reduce NOx emissions 
for four-stroke cycle engines used in the E&P industry. 

A complete summary all the technologies investigated to data is included in the report. For each 
technology, the summary includes a description of the process, the emission reduction that is to 
be expected, information on the cost of the technology, development status, practical 
considerations, compatibility with other air pollutant control technologies, and any references 
used to obtain the information. 
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Introduction 
The objective of this project is to identify, develop, test, and commercialize emissions 
control and monitoring technologies that can be implemented by exploration and 
production (E&P) operators to significantly lower their cost of environmental compliance 
and expedite project permitting. The project team will take considerable advantage of the 
emissions control research and development efforts and practices that have been 
underway in the gas pipeline industry for the last 12 years. These efforts and practices are 
expected to closely interface with the E&P industry to develop cost-effective options that 
apply to widely-used field and gathering engines, and which can be readily 
commercialized. 

The project is separated into two phases. Phase 1 work establishes an E&P industry 
liaison group, develops a frequency distribution of installed E&P field engines, and 
identifies and assesses commercially available and emerging engine emissions control 
and monitoring technologies. Current and expected E&P engine emissions and 
monitoring requirements will be reviewed, and priority technologies will be identified for 
further development. The identified promising technologies will be tested on a laboratory 
engine to confirm their generic viability. In addition, during Phase 2 a full-scale field test 
of prototype emissions controls will be conducted on at least ten representative field 
engine models with challenging emissions profiles. Emissions monitoring systems that 
are integrated with existing controls packages will be developed. Technology 
transfer/commercialization is expected to be implemented through compressor fleet 
leasing operators, engine component suppliers, the industry liaison group, and the 
Petroleum Technology Transfer Council. 

Research Progress 
The primary effort during this reporting period was to characterize the typical 
performance of a Non-Selective Catalytic Reduction (NSCR) technology when applied to 
rich burn IC-engines. This effort was completed since a high percentage of the engines 
used in the E&P industry are, in fact, rich burn engines. Direction from the advisory 
group indicates that the E&P users will not be willing to convert these engines to lean 
burn technologies. Hence, it is appropriate and useful to determine the operating 
characteristics of typical rich-burn engines. The information reported herein begins to 
identify cost-effective methods of monitoring NSCR system performance that are capable 
of satisfying South Coast Air Quality Management (SCAQMD) requirements in southern 
California. The SCAQMD requirements are referenced since they are considered to be 
the most restrictive and are readily adopted by agencies in other jurisdictions. 

Tasks 3 and 4:  Identify and assess commercial and emerging control and 
monitoring technologies 

When applied to internal combustion engines, Non Selective Catalytic Reduction 
(NSCR) consists of the following components:  

• A “Rich Burn” spark ignited natural gas fueled engine 
• A three way catalytic converter 
• An air/fuel ratio control (AFRC) system 
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NSCR systems have been used for over 30 years in the oil drilling industry to convert 
engine exhaust emissions into inert gas for use in secondary oil recovery operations 
(Reference 5).  Similarly, the automotive industry uses NSCR extensively to reduce 
vehicular exhaust emissions.  The application of NSCR to stationary gas engines for the 
control of NOx and CO began in the late 1970's, however, commercially viable systems 
have only been available since the late 1980's. 

What is a “Rich Burn” Engine 
By definition, a “rich burn” engine operates at exhaust O2 concentrations of less than 4%. 
Typically operation at 1% O2 results in the best efficiency while successful operation 
with NSCR requires less than 0.5%.  Adjusting the air/fuel mixture admitted to the engine 
controls the oxygen content of the exhaust.  An air/fuel mixture that contains the 
theoretically correct mass of air to completely combust a given fuel charge is said to be 
stoichiometric.  For engines burning clean, dry natural gas, the air to fuel ratio (AFR) for 
stoichiometry is ~16.1:1. 

The parameter commonly used to quantify AFR is represented by the variable lambda 
(λ). This variable is the ratio of an engine's actual AFR to the stoichiometric AFR for the 
fuel being used.  Where an engine's actual AFR is rich of stoichiometric, λ is less than 
one.  Engines operating with AFR's lean of stoichiometry are indicated by λ's greater than 
one. 

Rich burn engines operate at λ's of between 0.988 and 0.992 to ensure that exhaust bound 
O2 comprises no more that 0.5% (by volume) of the total engine exhaust.  Rich burn 
natural gas engines are four stroke cycle and can be either normally aspirated or 
turbocharged.  For effective operation with a three way catalyst, these engines usually 
operate over an exhaust gas temperature range of 800°F to 1200°F.   

NSCR  
A catalyst increases the rate of a chemical reaction while retaining the ability to be 
restored to its original condition after the reaction is complete (i.e. it is not consumed).  
There are two general types of catalysts: heterogeneous and homogeneous catalysts.  
Heterogeneous catalysts utilize multiphase reactants (i.e. solid and gas) whereas 
homogeneous catalysts utilize single phase reactants (solid, liquid, or gas).  The catalysts 
used in engine applications are heterogeneous, where a solid catalyst element reacts with 
engine exhaust gases.   

Heterogeneous catalysts consist of the following components: 

• A stainless steel or ceramic support known as the substrate. 
• A high surface area washcoat typically crafted from alumina or silica and 

metal oxide mixtures. 
• Catalytically reactive materials like platinum, palladium, and rhodium. 
• A catalyst housing 
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Catalyst activity occurs as the engine exhaust gas comes into contact with the catalyst 
surface.  For this reason, catalyst manufacturers attempt to maximize the surface area of 
their catalyst elements.  Typically elements are crafted from highly textured stainless 
steel foil which is tightly wound into discs or wafers.  Well designed catalytic converters 
exhibit the following features: 

• Element wound construction that prohibits element “nesting,” a vibration 
induced condition that results in a loss of active catalyst surface area. 

• A robust housing design that allows for easy element installation, inspection, 
and replacement. 

• Element construction that facilitates removal and replacement. 
• Element construction which facilitates washing, restoration of catalyst 

reactive potential, and re use. 
 

Three way catalysts simultaneously reduce NOx and oxidize CO and unburned 
hydrocarbons (HC) according to the following exothermic reaction: 

NOx + O2 + CO + H2 + CxHy → N2 + CO2 + H2O    (1) 

This reaction occurs independently of the presence of the catalyst at a very slow rate.   
The catalyst increases the reaction rate by lowering the activation energy of the chemical 
reaction. 

It is important to note that for a three way catalyst to effectively enable this reaction, the 
O2 content of the engine exhaust must be maintained at or below 0.5%.  If the O2 content 
of the exhaust exceeds this level, the CO and HC will preferentially oxidize with the 
excess O2 instead of the NOx bound oxygen. This inhibits the reduction of NOx to N2. 

An AFRC System 
An AFRC system is a compilation of components that operate together to meter fuel flow 
and air flow to an engine in order to maintain a constant AFR.  In NSCR applications a 
typical AFRC consists of an off the shelf carburetor, fuel or air control valve (or pressure 
regulator), an O2 sensor(s) for system feedback, a fuel cut off safety valve, pre and post 
catalyst thermocouples, and the controller logic/display module.   AFR controllers for 
NSCR attempt to maintain air/fuel mixtures that result in λ values that range between 
0.988 and 0.992. 

Available AFRC Technology-Supplemental Fuel 
In view of the crucial role played by AFRC in successful operation of NSCR fitted rich 
burn engines, an overview of the technology and the various design permutations follows 
in this section. 

As packaged, all of the rich burn engines surveyed feature a baseline AFRC which 
consist of a carburetor and a fuel gas pressure regulator (FGPR).  In each of the 
applications, the FGPR reduces gas header pressure from approximately 5 psig to 
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between 3 and 15 inches of water.   Currently, rich burn engine AFRC schemes utilize an 
off the shelf carburetor supplied by the OEM to provide primary control of AFR.  
Consisting of a venturi, which measures air flow and matches it with a proportional 
volume of fuel, and a downstream throttle body (butterfly) used to modulate the volume 
of air/fuel mixture entering the engine, the carburetor effectively limits fuel flow to 
control engine speed/torque.  As engine load changes, the carburetor responds by 
throttling the flow of the air/fuel mixture to the engine to maintain the required engine 
speed to carry load.  Carburetors are cost effective and simple and are therefore the 
method of choice for primary control of rich burn engine AFR. 

In most applications the primary control of AFRC obtained with a carburetor and fuel gas 
pressure regulator is insufficient for maintaining speed/torque and limiting AFR to the 
very narrow window of operation required to successfully implement NSCR (0.988 < λ < 
0.992).  Therefore, most catalyst vendors provide additional AFRC components to 
enhance the performance of the basic carburetor. Control schemes currently used to 
provide this supplemental control are usually referred to as supplemental fuel control or 
trim fuel control. 

The major components of a supplemental fuel system include the following: 

• Baseline components providing primary AFR control (carburetor and FGPR) 
• Supplemental fuel gas control valve 
• O2 sensor(s) 
• Thermocouple(s) 
• AFR controller (sometimes referred to as “the black box”) 
• Fuel supply cut off valve 

 

This system maintains the proper AFR by supplying “high pressure” fuel gas routed from 
the upstream side of the FGPR to either the carburetor intake air inlet or the engine intake 
air manifold.  With these systems the carburetor is adjusted to run slightly lean.  By 
metering “trim fuel” with the supplemental fuel control valve, the controller is able to 
maintain an AFR which is just rich of stoichiometric.  AFR feedback is provided by O2 
sensor(s).  These sensors (often referred to as lambda sensors) provide millivolt signal(s) 
proportional to the O2 content in the exhaust.  The thermocouple(s) monitor exhaust gas 
temperature and trigger safety shutdowns when the exhaust gas temperature exceeds the 
operating limits of the catalyst.  In the event of a high temperature condition, the 
controller will close the fuel supply cut off valve.  

The Lambda Sensor 
The exhaust gas sensor, often referred as either an “oxygen” sensor or a “lambda” (λ) 
sensor, monitors the suitability of the exhaust gas for catalysis. A λ sensor is basically an 
oxidative catalytic battery in which the electrolyte is ZrO and oxygen ions transmit the 
potential. One side of the cell monitors atmospheric oxygen concentration. The other side 
measures oxygen concentration in the exhaust. The difference in the oxygen partial 
pressure results in a consistent, repeatable voltage potential as follows: 
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s

r

P
PV ln≈  

 Where:   

Pr = Reference partial pressure 

   Ps = Sample partial pressure 

This results in a unique response that is approximately linear near stoichiometry, but 
rapidly approaches 0 (lean) or 1 (rich) at AFRs more than ±0.03 off stoichiometric. 
Automotive control strategies utilize the inherently unstable nature of vehicular driving in 
conjunction with the sensors non-linear characteristic to precisely dither about a 0.5 volt 
setpoint. This load characteristic in conjunction with catalyst O2 storage/regeneration 
results in very effective emissions control. Stationary engines in contrast generally 
operate at steady load on natural gas. This requires a setpoint of 0.7 or more depending 
on the application. This places the sensor in a very unavailable non-linear operating 
range, compounding the fundamental control challenges. Other types of ZrO sensors 
offer more favorable response, however the low cost of automotive style sensors has to 
date precluded their widespread use.  

As noted by Heywood (Internal Combustion Fundamentals, 1988, McGraw-Hill, pg. 
301), “Equilibrium1 is established in the exhaust gases by the catalytic activity of the 
platinum metal electrodes. The oxygen partial pressure in equilibrated exhaust decreases 
by orders of magnitude…” Similarly Nichols (On Line Process Analyzers, 1988, Wily 
and Sons, page 124) notes  that “Therefore the ZrO sensor measures only excess oxygen 
concentration above that necessary for complete combustion….This characteristic results 
in the measurement of only the net oxygen concentration.” Also “This feature makes the 
ZrO sensor useful in the concentration range below 1%... a capability not possessed by 
paramagnetic oxygen analyzers.” 

In other words, the λ sensor measures the equilibrium or net O2 which is the remaining 
O2 after the oxidation reactions occur, i.e.: 

O2exhaust + CO + H2 + CxHy → CO2 + H2O + O2net 

For example if there is 0.8% O2 in the exhaust prior to oxidation and the oxidation 
reactions consume 0.3% O2 the net is 0.5%.  

In summary: 

• Lambda sensors are the most effective device for monitoring O2 at the levels of 
interest 

• Lambda sensors indicate net O2. 
                                                 
1 “Equilibrium” applies to chemical equilibrium in which the CO and THC’s have oxidized with all 
available O2. The remaining O2 is often referred to as net.  
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NSCR Vendors 
Prior to the promulgation of Rule 1110.2, engine operators had little experience operating 
NSCR systems at SCAQMD BACT levels. While the technology may have been 
“Demonstrated,” it was not proven. Moreover, no “Manufacturer” or even single 
“vendor” of the technology exists to provide an integrated package. Rather an NSCR 
“system” consists of: 

• Rich burn engine fitted with a conventional carburetor supplied by an engine 
OEM such as Caterpillar or Waukesha 

• A catalyst provided by a catalyst “manufacturer”2 
• An AFRC provided by a controls manufacturer such as Woodward Governor 

Company or Altronic 
 

These individual vendors focus on the elements of their supply and remain somewhat, if 
not totally, clueless on the real world workings of the overall package. Consequently the 
user (in the case of a retrofit) or a “packager” (in the case of a new purchase) must 
specify, purchase, design and integrate the complete system. 

In a confidential report compiled by AETC on behalf of a major user, AETC concluded: 

• The quality of engineering, packaging and installation was often poor 
• Most catalysts were undersized 
• Many AFRC lacked control authority over the range of operation 
• Most AFRC were not properly setup. 

 

As a consequence, there is really no single informed manufacturer or supplier on whom a 
user can rely to provide “manufacturer’s recommendations” on system operation. Rather, 
these recommendations must be determined based on on-site system set-up and testing. 

Oxygen Sensor Recording System (OSRS) System 
To satisfy the aforementioned monitoring requirements, Company3 elected to install 
AETC’s OSRS on the specific rich-burn engines to evaluate the performance and 
operating characteristics of an NSCR catalyst. This system continuously monitors and 
records hourly averages for the following system parameters: 

• Catalyst-in lambda sensor output (EGO 1 and 2) 
• Catalyst-out lambda sensor output (EGO 3 as applicable) 
• Catalyst-in temperature (Tin) 

                                                 
2 Some catalyst “manufacturers” are really packagers of elements provided by third parties. 
3 The particular company participated only under the condition that they remain anonymous – hence, they 
are referred to as Company in this report. 
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• Catalyst-out temperature (Tout) 
• Pressure drop across the catalyst (∆P) 
• AFRC alarm status. 

 

To support collection of parametric operating data and development of a relationship 
between that and net oxygen into the catalyst, the OSRS can be temporarily tied in with a 
Reference Method emissions van using AETC’s mapping software. The performance of 
the engine/AFRC/catalyst system can then be mapped over the range of operation. 

ACEMS 
In addition to the engines fitted with the OSRS system, Company operates one Waukesha 
P-9390 rich-burn four-stroke cycle engine generator at its Perris facility.  The 1470 KW 
unit utilizes NSCR for emissions control. Company elected to install an Alternative 
Continuous Emissions Monitoring Systems (ACEMS) on the unit to satisfy the 
continuous emissions monitoring requirements of SCAQMD Rule 1110.2. Unlike the 
OSRS, the ACEMS actually quantifies engine emissions. In addition, as required by the 
rule Company operated the ACEMS for over a month in parallel with a Continuous 
Emissions Monitoring System (CEMS) to provide a rich database of engine and 
emissions performance data that will be used throughout the remainder of this project. 

During the next reporting period, the actual data collection and reduction will be provided 
along with the results to fully characterize the sensors required for a successful NSCR 
application on a rich-burn engine. 

 

Technology Summary to Date 
The following tables provide summary technology profiles of those technologies 
reviewed to date. 

Process:  Low-Emission Combustion (LEC) 

Process Description:   

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

NOx Reduction: 

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

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

Cost Information: 

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

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

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

Development Status:   

Commercially available 

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

Practical Considerations: 

Available for spark-ignition engines fired with gaseous fuels including dual-fuel engines 
operating in dual-fuel mode (as opposed to firing only diesel fuel).   

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

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

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

Compatibility with other air pollution control technologies: 

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

References: 

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

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

State of California Air Resources Board.  “CAPCOA/ARB Proposed Determination of 
Reasonably Available Control Technology and Best Available Retrofit Control Technology for 
Stationary Internal Combustion Engines (DRAFT).”  Sacramento, CA, December, 1997. 

State of New Jersey Department of Environmental Protection.  “State of the Art (SOTA) Manual 
for Reciprocating Internal Combustion Engines.”  Trenton, NJ, July, 1997. 

U.S. Environmental Protection Agency.  “Alternative Control Techniques Document – NOx 
Emissions from Stationary Reciprocating Internal Combustion Engines.”  EPA-453/R-93-032, 
July, 1993. 

Cooper-Bessemer.  Facsimile from J. W. Hibbard to W. Neuffer, U. S. EPA.  Information on 
Low Emission Combustion.  Cooper-Bessemer, Cooper Energy Services, Mount Vernon, OH.  
March 3, 1999.  4pp. 

Dresser-Rand.  Facsimile from C. F. Willke to W. Neuffer, U. S. EPA.  Information on Low 
Emission Combustion.  Dresser-Rand Services, Painted Post, NY.  May 7, 1999.  2pp. 
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Process:  Enhanced In-Cylinder Mixing 

Process Description:   

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

NOx Reduction: 

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

SSFI was field tested on two Worthington engines with mechanically actuated fuel injector. 60-
75% NOx reduction shown. 

 Cost Information: 

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

Development Status:   

Commercially available 

Considered emerging in 2000. 

Practical Considerations: 

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

Where high pressure fuel is not economically available, SSFI may be a viable solution. 

Compatibility with other air pollution control technologies: 

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

Secondary Environmental Impacts: 

None expected. 

  

References: 

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

National Center for Environmental Research, U. S. EPA Office of Research and Development.  
“1994 Phase II Abstracts: Plasma Ignition Retard for NO(x) Reductions.” 
http://es.epa.gov/ncerqa_abstracts/sbir/94/topics43.html. 

References: 

Tice, J.K., Whitworth, W., McCoy, J., “Field Test and Development of a Low-Cost 
Mechanically Actuated, Enhanced Mixing System for Emissions Reduction”, 2003 GMRC Gas 
Machinery Conference, 

Olsen, D.B., Willson, B.D., “The impact of Cylinder Mixing Pressure on Fuel Jet Penetration 
and Mixing”, 2000 GRMC Gas Machinery Conference. 

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

Johnson, S.A. and Haythornthwaite, S., “Summary of Available NOx Control Techniques for the 
Cement Industry”, submitted to the Portland Cement Association, Skokie, IL, 1998. 
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Process:  High Energy Ignition System (HEIS) 

Process Description:   

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

NOx Reduction: 

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

Cost Information: 

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

Development Status:   

Commercially available 

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

Practical Considerations: 

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

Compatibility with other air pollution control technologies: 

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

Secondary Environmental Impacts: 

In most cases, NOx reductions have been accompanied by increased power output and increased 
fuel economy. 
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Process:  High Energy Ignition System (HEIS) 

References: 

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

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

State of New Jersey Department of Environmental Protection.  “State of the Art (SOTA) Manual 
for Reciprocating Internal Combustion Engines.”  Trenton, NJ, July, 1997. 

Alternative Control Techniques Document: NOx Emissions from Stationary Reciprocating 
Internal Combustion Engines.  EPA Document No. EPA-453/R-93-032, July 1993.   

 

 

Process:  Non-Selective Catalytic Reduction (NSCR) 

Process Description:   

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

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

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

NOx Reduction: 

This source indicates that these catalyst systems reduce NOX emissions by over 98 percent, while 
reducing VOC by 80 percent and carbon monoxide by over 97 percent.  NOx levels in the range 
of 0.1 to 1.0 g/bhp-hr have been achieved.   
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Process:  Non-Selective Catalytic Reduction (NSCR) 

Cost Information: 

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

Development Status:   

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

Practical Considerations: 

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

Compatibility with other air pollution control technologies: 

Enhanced removal of CO and VOC can be achieved.   

Secondary Environmental Impacts: 

None expected.   

References: 

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

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

Process Description:   

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

NOx Reduction: 

From tests for ten engine models ranging from 100 to 800 bhp, NOx emissions ranged from 
about 0.1 g/bhp-hr to 9.5 g/bhp-hr, with a mean of 0.6 g/bhp-hr.  Engines ranging from 300 to 
800 bhp averaged 95% reduction, while tests on engines less than 50 bhp showed NOx reductions 
averaging 77%. Vendors guarantee the achievable NOx emission level of 2.0 g/bhp-hr. 

 Cost Information: 

See EPA Report below. 

Development Status:   

Commercially available.  In commercial use since 1980s. 

Practical Considerations: 

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

Compatibility with other air pollution control technologies: 

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

Secondary Environmental Impacts: 

Possible increase in CO and VOC emissions.   

References: 

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

Process Description:  

This technology selectively reduces NOx to N2 in the presence of a reducing agent.    NOx 
reductions of 80 to 90% are achievable with SCR.  Higher reductions are possible with the use of 
more catalyst or more reducing agent, or both.  The two agents used commercially are ammonia 
(NH3 in anhydrous liquid form or aqueous solution) and aqueous urea.  Urea decomposes in the 
hot exhaust gas and SCR reactor, releasing ammonia.  Approximately 0.9 to 1.0 moles of 
ammonia is required per mole of NOx at the SCR reactor inlet in order to achieve an 80 to 90% 
NOx reduction. 

NOx Reduction: 

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

SCR systems add a significant cost burden to the installation cost and maintenance cost of an 
engine system, and can severely impact the economics.  SCR requires on-site storage of 
ammonia, a hazardous chemical.  In addition ammonia can “slip” through the process unreacted, 
contributing to environmental health concerns.    

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

Commercially available 

SCR is widely used oversees (Germany and Japan represent over 50,000 MW of installed 
capacity. In the US, significant activity has recently occurred with SCR installations on coal fired 
units  

Practical Considerations: 

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

The performance of an SCR system is dependent on the size and arrangement of the catalysts, the 
fuel burned, gas flow conditions at the catalyst entrance, and the type and amounts of reagent 
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Process:  Selective Catalytic Reduction (SCR) 

used.  A number of factors should be considered when installing an SCR system.   

Compatibility with other air pollution control technologies: 

SCR applications are fully compatible with combustion NOx controls. In theory, most of these 
technologies can be used together.  However, NOx reductions are not necessarily additive, and 
more importantly, the “economics” of the combined technologies may or may not be cost-
effective.  Such analyses are highly site- and strategy-specific. 

Secondary Environmental Impacts: 

Impacts are mostly relevant to applications with sulfur and other contaminants-bearing fuels).  
Applications with natural gas are more benign both with respect to catalyst choice and life, as 
well as other plant impacts.  

References: 

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

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

 

Further Work Planned 
During the next quarter, the research team will direct most of its effort on Task 2, which will 
lay the groundwork for Tasks 3 and 4. Upon completion of Task 2, the research team will shift 
their effort to the identification of control technologies and market gaps.  

Task 2: Develop a Database of Existing E&P Engine Inventory 
During the next reporting period, Coerr Environmental will complete the database, perform 
QA/QC checks on the existing database, sort the engines by geographical location, present 
information on current emission limits typically applied to this engine population, and develop 
additional analysis of the engine types in natural gas gathering. 

Task 3: Assess Control and Monitoring Technologies 
Provide a complete analysis of the data recorded from several rich-burn engines fitted with 
NSCR. 

Task 4: Determine Technology and Market Gaps  
This task will use the emissions control approaches identified in Task 3.0 to determine the 
practical targets for the magnitude of emissions reduction in E&P engines. Once the reduction 
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magnitudes are determined, each will be ranked by how applicable it is to the specific 
inventory of field engines, its expected cost of implementation, and the overall emissions 
reduction that can be reasonably anticipated from further development and commercialization 
of the technology.  

The second portion of this task will compare the expected emissions reduction performance to 
the current and expected emissions permitting requirements facing the E&P industry. Doing 
so will identify the high-impact control technologies that are expected to be widely utilized by 
the E&P industry, and which should be targeted either for immediate testing, or require more 
fundamental component development.  

This work will be performed during the first quarter of 2004. It is expected that work will 
center on three major areas: 1) engine controls; 2) ignition systems; and 3) exhaust gas 
treatment options 

Task 5: Conduct Controlled Tests to Evaluate Promising Technologies  
The most promising technologies identified in Tasks 3 and 4 will be tested under controlled 
conditions on an Ajax engine, which is in very wide use in E&P operations. The tests will 
most undoubtedly be conducted at Ricardo, Inc. in Burr Ridge, IL. Ricardo operates a set of 
state-of-the-art, fully instrumented test cells that can accommodate engines up to 1,000 HP.  
Up to 160 hours of test time at Ricardo are planned to conduct preliminary performance 
testing of the array of promising technologies identified in Task 3. 

Assuming that an engine can be located, the tests will be conducted during the first quarter of 
2004. 

Task 6: Determine on-engine control system and sensor requirements for 
remote emissions monitoring 
This task will identify the necessary sensors, software, and hardware to provide remote engine 
emissions and performance monitoring. The results from Task 3.1 will be used to determine 
the scope and content of a monitoring system. The project team has expertise in this area, and 
has actually developed and implemented remote sensing technologies for pipeline engines for 
what is arguably the most stringent real-time emissions monitoring program in the world 
(California’s RECLAIM program).  

Conclusions 
The primary conclusions from this quarters work are: 

• The largest population of engines in the E&P industry are rich-burn four-stroke cycle 
engines. The general strategy to control emissions from these engines is to add NSCR 
technologies to the exhaust system. 

• NSCR systems are reliable only if continually monitored. AETC, one of the sub-
contractors on this project, contributed a significant effort as cost-share to this project 
by instrumenting, recording, and then analyzing data to fully characterize: 

o The operation of an NSCR under various operating conditions and 
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o The sensors required to continuously characterize the performance of an NSCR 

• A plethora of potential emission reduction and monitoring equipment has been found 
that can be readily applied to E&P engines. These technologies are summarized in the 
report. 


