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Abstract 

Nitric oxide (NO) and nitrogen dioxide (NO2) generated by internal combustion (IC) 

engines are implicated in adverse environmental and health effects. Even though lean-

burn natural gas engines have traditionally emitted lower oxides of nitrogen (NOx) 

emissions compared to their diesel counterparts, natural gas engines are being further 

challenged to reduce NOx emissions to 0.1 g/bhp-hr.  

The Selective NOx Recirculation (SNR) approach for NOx reduction involves cooling the 

engine exhaust gas and then adsorbing the NOx from the exhaust stream, followed by 

the periodic desorption of NOx. By sending the desorbed NOx back into the intake and 

through the engine, a percentage of the NOx can be decomposed during the combustion 

process. SNR technology has the support of the Department of Energy (DOE), under the 

Advanced Reciprocating Engine Systems (ARES) program to reduce NOx emissions to 

under 0.1 g/bhp-hr from stationary natural gas engines by 2010.  

The NO decomposition phenomenon was studied using two Cummins L10G natural gas 

fueled spark-ignited (SI) engines in three experimental campaigns. It was observed that 

the air/fuel ratio (λ), injected NO quantity, added exhaust gas recirculation (EGR) 

percentage, and engine operating points affected NOx decomposition rates within the 

engine.  

Chemical kinetic model predictions using the software package CHEMKIN were 

performed to relate the experimental data with established rate and equilibrium models. 

The model was used to predict NO decomposition during lean-burn, stoichiometric 

burn, and slightly rich-burn cases with added EGR. NOx decomposition rates were 

estimated from the model to be from 35 to 42% for the lean-burn cases and from 50 to 

70% for the rich-burn cases. The modeling results provided an insight as to how to 

maximize NOx decomposition rates for the experimental engine.  

Results from this experiment along with chemical kinetic modeling solutions prompted 

the investigation of rich-burn operating conditions, with added EGR to prevent pre-

ignition. It was observed that the relative air/fuel ratio, injected NO quantity, added 
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EGR fraction, and engine operating points affected the NO decomposition rates. While 

operating under these modified conditions, the highest NO decomposition rate of 92% 

was observed. In-cylinder pressure data gathered during the experiments showed 

minimum deviation from peak pressure as a result of NO injections into the engine.  

A NOx adsorption system, from Sorbent Technologies, Inc., was integrated with the 

Cummins engine, comprised a NOx adsorbent chamber, heat exchanger, demister, and a 

hot air blower. Data were gathered to show the possibility of NOx adsorption from the 

engine exhaust, and desorption of NOx from the sorbent material. In order to quantify 

the NOx adsorption/desorption characteristics of the sorbent material, a benchtop 

adsorption system was constructed. The temperature of this apparatus was controlled 

while data were gathered on the characteristics of the sorbent material for development 

of a system model. A simplified linear driving force model was developed to predict 

NOx adsorption into the sorbent material as cooled exhaust passed over fresh sorbent 

material. A mass heat transfer analysis was conducted to analyze the possibility of using 

hot exhaust gas for the desorption process. It was found in the adsorption studies, and 

through literature review, that NO adsorption was poor when the carrier gas was 

nitrogen, but that NO in the presence of oxygen was adsorbed at levels exceeding 1% by 

mass of the sorbent.  

From the three experimental campaigns, chemical kinetic modeling analysis, and the 

scaled benchtop NOx adsorption system, an overall SNR system model was developed. 

An economic analysis was completed, and showed that the system was impractical in 

cost for small engines, but that economies of scale favored the technology.  
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1. Introduction 

Spark ignited natural gas engines of all sizes are able to achieve acceptable efficiencies by 

operating in a lean-burn mode. Lean-burn operation is also desirable to extend engine life 

by reducing the thermal load. One method for oxides of nitrogen (NOx) reduction is to 

operate lean-burn natural gas engines with high air/fuel ratios. The air/fuel ratio is often 

expressed as a ratio to the stoichiometric mixture ratio; this resulting lambda ratio implies 

lean operation for values greater than unity.  Practically, the region of lean operation is 

relatively narrow because the leaner end (λ≈1.3) produces elevated levels of NOx, while 

the leaner end (λ≈1.7) leads to incomplete combustion and high unburned hydrocarbon 

(HC) emissions due to misfire, with corresponding loss of power density. Some further 

NOx reductions can be effected by retarding the ignition timing and introducing EGR. 

However, applying these methods too aggressively may result in power reduction and 

durability problems. In the automotive world, heavy-duty high-speed natural gas lean-

burn engines have used wide range oxygen sensor feedback to approach 1g/bhp-hr of 

NOx, but further reductions are desirable for both transportation and stationary engines 

in the future.  

The Advanced Reciprocating Engines Systems (ARES) program was established by the 

US Department of Energy to promote and aid the development of clean, efficient power 

generation engines.  The ARES goals include a brake specific NOx emissions target level 

of 0.1 g/bhp-hr and 50% thermal efficiency, using affordable technology. This NOx goal 

most likely cannot be met without aftertreatment.  Modifying the combustion process 

itself cannot reduce NOx to these levels for lean-burn operation [1]-[5]. One 

aftertreatment option that has been considered for lean-burn engines is Selective Catalytic 

Reduction (SCR) which involves the injection of urea or ammonia ahead of an exhaust 

catalyst. An alternative approach, now being contemplated by both the stationary and 

transportation engine sectors, is to employ stoichiometric engine operation with three-

way catalysis, but this approach requires careful management of in-cylinder 

temperatures.  
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Large-bore natural gas engines, even with careful control, are an order of magnitude off 

the 0.1 g/bhp-hr target. Conventional NOx reduction catalysts, used widely to tame 

stoichiometric-burn gasoline and natural gas automobile emissions, cannot be employed 

because the lean-burn exhaust contains excess oxygen, which leads to unfavorable 

reaction conditions. Natural gas fueled internal combustion engines currently achieve 

thermal efficiencies between 37 and 40 percent, and produce NOx levels of 1 g/bhp-hr 

[6]. These engines are commercially available, with demonstrated abilities to support 

electrical generation, to provide power for gas compression, or in combined heat and 

power applications. 

Natural gas fuel used in IC engines has inherently low amounts of carbon as it contains 

typically 95% methane (CH4). Also, natural gas has been approximately 40% less 

expensive than crude oil during the past fourteen years [1].  Natural gas is available 

worldwide and is taking an increasing share of the energy mix.  

The primary objective of the Selective NOx Recirculation (SNR) research reported below 

was to demonstrate that one can reduce NOx emissions from reciprocating natural gas 

engines to acceptable levels while maintaining high fuel efficiency. SNR involves cooling 

the engine exhaust gas and then adsorbing the NOx from the exhaust stream, followed by 

the periodic desorption of NOx. By returning the desorbed, concentrated NOx into the 

engine intake and passing it through the combustion chamber, a fraction of the 

recirculated NOx is decomposed during the combustion process. The research objectives 

are to characterize the decomposition of NOx in a natural gas engine over a range of 

operating conditions, to characterize the adsorption and desorption processes, and to 

examine the overall system performance using modeling based on acceted design 

approaches and experimental results. 

The benefits of this program are projected to be the reduction of NOx from engines 

normally operating in an efficient lean-burn mode, without the use of dedicated 

reductants (as in urea injection with selective catalytic reduction), and with carbon-based 

sorbent that is not readily poisoned. Carbon sorbent has been used previously to absorb 

NOx from diesel engine exhaust by Sorbent Technologies, Inc. (Twinsburg, Ohio).  
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The first SNR experimental campaign in this program was focused on quantifying NOx 

decomposition in a lean-burn 1993 Cummins L10G natural gas engine with the use of a 

full scale dilution tunnel and analyzers capable of measuring NOx, CO2, CO, HC 

concentrations. Commercially available nitric oxide (NO, 98.8% purity) was used to 

mimic the desorption process to obtain NOx decomposition rates at various steady state 

engine operating points. A substantial set of NOx decomposition data was acquired 

under lean-burn conditions (λ≈1.4), but decomposition rates were modest (14 to 26%). 

The experimental setup, test procedure and preliminary NOx decomposition rates are 

presented in the body of the report. 

Further NOx decomposition research was conducted usig a later technology Cummins 10 

liter natural gas engine, which was procured with the assistance of Cummins Inc. to 

replace the early engine used in prior research. The engine, equipped with an in-cylinder 

pressure measurement system and electronic controls, was connected to a newly 

commissioned motoring dynamometer, and was adapted to operate over a range of 

air/fuel ratios. Effect of NO injection on exhaust composition was characterized. 

Chemical kinetic modeling, using the package CHEMKIN, was used to assess 

decomposition rates at steady-state temperatures and gas compositions chosen to mimic 

conditions in the engine cylinder near top dead center. This modeling confirmed that 

decomposition rates would be low under lean-burn conditions, and suggested that 

stoichiometric operation would be desirable during the NOx decomposition phase.  

A second experimental campaign was completed to acquire both stoichiometric and 

slightly rich (λ=0.97) burn NOx decomposition rates. Effects of engine load and speed 

(800, 1300 and 2100 rpm) were quantified, but EGR was not managed as an independent 

variable. Decomposition rates of up to 92% were demonstrated. In-cylinder pressure was 

measured to calculate engine indicated mean effective pressure (IMEP) changes due to 

NOx injections and EGR variations, and to confirm conditions in the cylinder. Using a full 

exhaust flow adsorber and heat exchanger system provided by industry (Sorbent 

Technologies, Inc., Twinsburg, OH), preliminary data were gathered to show both the 

successful adsorption of NOx from the Cummins engine, and the successful desorption of 

NOx from the carbon-based sorbent material using a heated air stream. 
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A third experimental campaign gathered NO decomposition data at 800, 1200 and 1800 

rpm with EGR managed in an external loop from 0% to point of misfire, and with 

individual exhaust thermocouple data. These three campaigns provided the data needed 

for a comprehensive model of NOx decomposition. A benchtop adsorption system was 

constructed, and instrumented with thermocouples and a NOx analyzer to gather 

adsorption data. These data were required for the development of a system model. An 

important finding was that NO adsorption was strongly affected by the presence of 

oxygen in the gas stream sent to the adsorber. A SNR system could not be designed on a 

two-phase adsorption/desorption assumption, but had to account for the four phases of 

cooling, adsorbing, heating, and desorbing.  
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2. Literature Review 

2.1 Oxides of Nitrogen (NOx) 

Oxides of nitrogen (NOx) are a combination of nitric oxide (NO), nitrogen dioxide (NO2) 

and minor amounts of nitrous oxide (N2O). N2O is stable and is a powerful greenhouse 

gas. NO and NO2 can be considered as the source of a wide variety of environmental and 

health impacts, and there is concern that NOx has not been abated as much as other 

pollutant species [7].  

NO2 is found in urban atmospheres, and is attributed to both mobile and stationary 

sources. It is categorized as a pulmonary irritant.  Asthmatic individuals, and those with 

respiratory ailments or lung disease are particularly sensitive to the effects of NO2. 

Healthy individuals exposed to high concentrations of NO2 can develop abnormalities in 

their pulmonary airways [8].  NO2 is a strong oxidizing agent that reacts in the air to form 

nitric acid [7],[8]. NO2 plays a major role in atmospheric reactions that produce ground 

level ozone (O3) and acid rain [7][9]. NOx is also responsible for forming secondary 

particulate matter (PM) in the atmosphere. “The current primary National Atmospheric 

Air Quality Standards (NAAQS) for NO2 is an annual arithmetic mean value not to 

exceed 0.053 ppm. In order for a violation to occur, NO2 concentrations would have to be 

high enough that the average over the entire year would exceed 0.053 ppm.”[8] 

In this report only reciprocating engine exhaust sources of NOx are considered. Air is 

approximately 20% O2 and 80% N2, and these two gases do not react with each other 

appreciably under normal atmospheric conditions. However, if mixtures containing O2 

and N2 are heated to high temperatures, reaction occurs to form NOx. For example, at any 

given temperature there exists a dynamic equilibrium with NO as expressed in Equation 

1 [10].    

  CalNOON 200,43222 −⎯→←+      (1) 

When the temperature increases the equilibrium shifts to the right, increasing the 

proportion of NO.  When NO is produced in engines, in many cases the quantity of NO 
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produced may be rate-limited, rather than indicative of the equilibrium quantity.  NO is a 

precursor to formation of NO2 in the atmosphere. If the mixture of gases in Equation 1 is 

cooled rapidly, the rate of reverse reaction drops and the decomposition of NO slows, 

leaving a rate-limited “frozen” composition. NO does not remain long in the cooled gas 

mixture since it reacts with O2 present when the temperature falls below 600°C [10] as 

shown in Equation 2. The reaction proceeds until nearly all the NO has been converted to 

NO2.  

   22 22 NOONO ⎯→←+      (2) 

The NO2 formation may slow down in its later stages, so that a short time of contact is 

necessary for complete oxidation and with dilute gases several minutes may be necessary 

for complete oxidation [10]. Ozone (O3) can also oxidize NO into NO2 and NO3 as shown 

in the following equations.  

   223 ONOONO +⎯→⎯+            (3) 

   2332 ONOONO +⎯→⎯+            (4) 

Equation 2 is known as the chemiluminescence reaction of NO to NO2. This reaction is 

used as the working principle for NO detection in research-grade analyzers.  

Industrial/ 
Commercial/ 

Residential, 19%

All Other 
Sources, 5%

Motor 
Vehicles,

 49%

Utilities, 27%
 

Figure 1.     Primary sources of man-made NOx [6] 
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The major man-made source of NO2 emissions is fossil fuel combustion at high 

temperatures, in internal combustion engines and in furnaces and boilers. Nitrogen 

oxides are formed through three different mechanisms. These are referred to as thermal 

NOx, fuel NOx and prompt NOx mechanisms. Thermal NOx is formed by dissociation of 

N2 and O2 into atomic states at high temperatures in the combustion mixture. The 

creation of thermal NOx is often described by the Zeldovich mechanism [11],[12]. 

   NNOON +⎯→←+2      (5) 

   ONOON +⎯→←+ 2       (6) 

The principal mechanism of NOx formation with gas engines is thermal NOx [11]. Most 

NOx is formed through the thermal NOx mechanism that occurs in high temperature 

regions in the cylinder where combustion air has mixed sufficiently with the fuel to 

produce the peak temperature in the fuel/air interface. The rates of these thermal NOx 

reactions are highly dependent on the air/fuel (λ ) ratio of the combustion mixture, flame 

temperature (which is also influenced by the λ), and the residence time at that flame 

temperature. Figure 2 shows that the maximum thermal NOx production occurs at 

slightly lean mixture due to the excess amount of O2 available within the hot flame zone 

[12]. A reduction in NOx formation can be observed as the mixture is made leaner or 

richer from the highest NOx production peak, indicating that controlling the local flame 

temperature and oxygen availability would result in lower thermal NOx production 

[12],[13].     
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Figure 2.     Effect of air/fuel ratio on thermal NOx production  

Figure 3 shows, for a given air/fuel ratio, that thermal NOx generation decreases as the 

flame temperature drops below the adiabatic stoichiometric flame temperature [12].  Most 

of the NOx is generated in the flame core since heat is radiated rapidly out of the local 

flame. Almost all NOx formed in natural gas reciprocating engines occurs through the 

thermal NOx mechanism.  
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Figure 3.     Thermal NOx formation dependence on flame temperature [12] 

Fuel NOx is formed by two different mechanisms through reactions occurring within the 

nitrogen compounds found in fossil fuels. One mechanism is through nitrogen found in 

solid phase fuels that converts to NOx through complex reactions. Another is through gas 

phase fuel reactions that include intermediate species such as HCN, HOCN, and NH2 

which are produced in rapid reactions. However, the decay of these species into N2 and 

NOx is slower by an order of magnitude and is strongly dependent on air/fuel ratio and 

gas phase fuel nitrogen concentration and weakly dependent on flame temperature and 

the nature of the organic compound [14]. In natural gas, although there is some molecular 

nitrogen, the amount of chemically bound fuel nitrogen is considered negligible [13]. 

Prompt NOx occurs through early reactions of nitrogen molecules in the combustion air 

and hydrocarbon radicals available from the fuel. Prompt NOx reactions have weak 

temperature dependence and a very short lifetime. Their levels are usually negligible 

compared to the level of NOx formed through the thermal NOx mechanism. Prompt NOx 

can become significant in extremely fuel rich flames [13],[15], which are not of interest in 

this report. 
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2.2 Stationary Reciprocating Internal Combustion Engines 

There are two types of reciprocating stationary IC engines that primarily differ in the 

method used to ignite the fuel-air mixture in the combustion chamber. Spark ignition (SI) 

engines can be fueled by a variety of fuels, most typically gasoline, but for power 

generation and pumping stations natural gas is used as the preferred fuel. They also can 

be setup to operate on propane, or landfill gas.  Compression ignition (CI) engines are 

usually fueled by diesel oil, or they can be configured to burn a combination of natural 

gas and diesel as a pilot fuel in what is termed a dual-fuel engine. This research report is 

focused on IC engines that are spark ignited and fueled by natural gas. 

2.2.1 Natural gas as fuel 

Pipeline natural gas is primarily composed of methane (CH4) that typically makes up 85-

99% of the total volume, depending on the field from which it is extracted [16]. In the 

United States there is an abundant supply of natural gas with over 1.2 million miles of 

pipeline delivery system in place [17]. The average US natural gas composition is shown 

in Table 1 [18].  

Table 1.     US average natural gas composition [18] 

Component Formula Volume % Mass % 
Methane CH4 92.3 84.4 
Ethane C2H6 3.6 6.2 
Propane C3H8 0.8 2.1 
Butane C4H10 0.29 0.99 
Pentane C5H12 0.13 0.53 
Hexane C6H14 0.08 0.39 
Carbon Dioxide CO2 1 2.52 
Nitrogen N2 1.8 2.89 
Water H2O 0.01 0.01 
Total  100 100 

Higher amounts of hydrocarbon increase the volumetric energy and may richen the 

mixture and reduce the octane number, leading to higher emissions and pre-ignition 

concerns. On the other hand, increased ratios of inert gases in the mixture reduce the 
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volumetric energy and may lean the mixture, reducing power output and increasing 

engine misfire [15]. In other words, ignition strength affects engine misfire.  

The gas composition is defined in part by the Wobbe Number (W), where the higher 

heating value (British thermal unit per standard cubic foot) is divided by the square root 

of its specific gravity with respect to air [19].     

   
sg

scfBtuHW )/(
=       (7) 

The Wobbe number is an index of energy flow rate through an orifice in response to a 

given pressure drop. Pure methane has a Wobbe number of 1363, while pipeline quality 

natural gas in the United States typically exibits a Wobbe number between 1310 and 1390 

[20].  

Using natural gas to fuel Otto cycle or spark ignited engines has significant benefits. 

Natural gas mixes quite easily with air, unlike liquid fuels that need to be vaporized 

before combustion. A high autoignition temperature or high octane rating favors natural 

gas use. Pure methane has an octane number of 130, which is the highest in regularly 

used fuel [20]. The inert gases contained in the natural gas mixture lower the tendency to 

knock: therefore it can be used in engines with compression ratios of around 15:1 [20] 

(this is higher than compression ratios of 8-10:1 used in 91 octane gasoline engines) or 

with boost. With higher compression ratios higher engine efficiency can be achieved.      

2.2.2 Natural gas engine categories  

Natural gas fueled reciprocating engines can be categorized into three designs (all 

engines in these categories are spark-ignited).  

• Two-stroke lean-burn engines 

• Four-stroke lean-burn engines 

• Four-stroke rich-burn engines (a term usually referring to stoichiometric operation)  
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A two-stroke engine completes the power cycle in a single crankshaft revolution as 

compared to the two crankshaft revolutions required in a four-stroke engine. Two-stroke 

engines can be turbocharged to increase intake flow velocity resulting in an increase in 

cylinder scavenging. Historically, two-stroke natural gas engines have been widely used 

in pipeline applications. Due to poor in-cylinder mixing, poor cylinder to cylinder fuel 

distribution and due to more stringent air emission regulations there has been a decline 

in the usage of new two-stroke natural gas engines for stationary applications [11]. 

Four-stroke engines use a separate engine revolution for the intake and compression 

cycles and for the power and exhaust cycles. These engines can be either naturally 

aspirated or turbocharged.  

Rich-burn natural gas engines operate near the stoichiometric air/fuel ratio with exhaust 

excess oxygen levels less than 4%, but in reality most engines will operate where oxygen 

levels are closer to 1%. The emissions levels can be significantly different for a rich-burn 

engine producing 4% oxygen than when it is operated closer to stoichiometric conditions. 

Even in this narrow operating range emissions can vary by more than an order of 

magnitude [19].  

Lean-burn engines can operate up to the lean flame extinction limit, with exhaust oxygen 

levels at 12% or greater. Natural gas is more suitable for lean-burn engines than gasoline 

engines due to its tolerance to leaner combustion. The relative air/fuel ratios of lean-burn 

natural gas engines range from λ=1.2 to 1.8. The excess oxygen levels of lean-burn engine 

exhaust range typically from 4% to 17%. Both the rich-burn and lean-burn combustion 

systems have their benefits and drawbacks. Table 2 contains a summary of the main 

characteristics of the two combustion systems for heavy-duty applications [21]-[24]. 
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Table 2.     Characteristics related to lean, stoichiometric and rich operation of natural gas engines 

Rich/stoichiometric operation 

Benefits Drawbacks 

achieve low exhaust emissions 
with a TWC 

closed-loop fuel system and a three-way catalyst 
needed for emissions control 

stable engine operation not suitable for fuels with low knock resistance 
moderate requirements on the 
ignition system 

high thermal loadings compared to diesel or lean-
burn operation 

high BMEP for a naturally 
aspirated engines 

restricted possibilities for turbocharging 

 fuel consumption penalty compared to lean-burn 
operation 

Lean-burn operation 

moderate exhaust emissions turbocharging necessary to obtain sufficient power 
output 

NOx formation controlled during 
combustion 

transient engine response 

high power output if 
turbocharged 

high requirements on the ignition system 

thermal loading close to diesel 
operation 

high cycle-to-cycle variations 

 high methane emission with natural gas 
 oxidation catalyst needed for CO and HC control 

In general, lean-burn combustion is preferred by the engine manufacturers, for reasons of 

lower thermal loading and higher power output. Stoichiometric operation often requires 

changes in both materials and component design, which add to the price of the 

conversion from lean-burn [25]. However, at time of writing, natural gas engines used in 

transit bus applications in North America are moving from a lean-burn to a 

stoichiometric strategy. 

2.2.3 Engine Applications   

Natural gas reciprocating engines offer many advantages over other technologies for 

small-scale power generation, including the ability to provide highly reliable, inexpensive 

backup power, provide power for remote locations, and generate onsite power during 

peak periods when utility charges are at their highest. Reciprocating engines can be used 
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for peak-shaving, remote power, in combined heat and power (CHP) applications, and 

for standby power. Natural gas engines have also been the obvious choice for pipeline 

compression power demands. 

Commercially available natural gas IC engines produce power from 0.5 kW to 10 MW, 

have efficiencies between 37 – 40%, and lean-burn engines can operate down to NOx 

levels of about 1 g/bhp-hr. When properly maintained, these engines can run on low 

grade fuel generated by waste treatment. By using recuperators that capture and return 

waste exhaust heat, reciprocating engines also can be used in CHP systems in buildings 

to achieve their energy needs in a cost effective manner [26].  

2.3 Emissions control techniques  

Various emission control technologies exist for IC engines and these technologies can 

substantially reduce pollutants of non-methane hydrocarbons (NMHC), CO, and NOx 

from engine exhaust. Particulate matter (PM) is usually emitted at low mass levels from 

natural gas engines and should not require aftertreatment. The choice of aftertreatment 

mainly depends on the whether the engine is run slightly rich, stoichiometric, or lean, 

because this influences the concentrations of regulated pollutants in the exhaust. 

Therefore, a single NOx reduction technique should not be applied to both rich-burn and 

lean-burn natural gas engines. For example, in a lean-burn engine application, an 

oxidation catalyst can be used to reduce HC, CO, and even PM emissions, but for NOx 

reduction an additional Selective Catalytic Reduction (SCR) system might be chosen. 

Table 3 represents typical emission levels that can be expected from a natural gas fueled 

engine.  

Table 3.     Typical emissions levels from natural gas engines [27] 

Emissions (g/bhp-hr) Air/Fuel 
Ratio 
Lambda (λ) 

Mode 
NOx NMHC CO PM 

0.98 slightly rich 8.3 0.3 13.9 Low 
0.99 stoichiometric 11.0 0.2 8.0 Low 
1.06 slightly lean 18.0 1.0 1.0 Low 
1.74 lean 0.7 1.0 3.0 Low 
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Commonly applied aftertreatment emissions control techniques for rich stoichiometric 

and lean-burn engines are listed in Table 4.  

Table 4.     Commonly applied emissions control technologies [27] 

Engine 
Operation Control Technology Targeted 

Pollutants 

NOx 
Reduction 
% 

Rich/ 
Stoichiometric Three-way catalyst NOx, CO, NMHC >98 

Oxidation catalyst (two-way) CO, NMHC NA 

Lean NOx trap NOx, CO, NMHC >80 

SCR NOx >95 
Lean 

Engine coating + Oxidation 
catalyst NOx, CO, NMHC 40 

2.2.3 NOx control techniques for rich-burn engines 

2.3.1.1   Air/fuel ratio adjustment  

Adjusting the air/fuel ratio to favor operation reduces the available O2 to combine with 

N2 thereby limiting NOx formation (see Figure 2). The downside to this method is that 

lower O2 contributes to incomplete combustion and increases CO and HC emissions. The 

brake specific fuel consumption (BSFC) suffers as this operation becomes increasingly 

rich. Also, unless substantial EGR is used, throttling losses at part load may reduce 

efficiency and thermal losses in the engine may be high. 

2.3.1.2 Retarding ignition timing  

In most engines the quantity of NOx produced is limited by reaction rate. Retarding the 

ignition timing delays the initial combustion to a later stage in the power stroke, which in 

turn reduces the time available at high tempoerature that is needed for NOx formation. 

However, this increases exhaust gas temperatures, resulting in thermal management 

issues. Further retarding the timing results in combustion instability, loss of power, and 

increase in BSFC.         
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2.3.1.3 Three-way catalyst (TWC) 

A Three-way Catalyst, also known as Nonselective Catalytic Reduction (NSCR) has been 

used for decades to control NOx, CO, and HC emission in gasoline automotive 

applications. While 1% oxygen content typically gives most efficient engine performance, 

a net oxygen content of less than 0.5% is required for the successful application of a TWC 

[28]. A traditional TWC may not be used on a lean-burn engine.  

 TWC systems have demonstrated the capability of achieving greater than 98% NOx 

reduction. When running slightly rich, the high exhaust temperature enhances the 

catalyst performance. Conventional platinum (Pt) and rhodium (Rh) catalysts have been 

used for stoichiometric natural gas engines [29],[30]. In order for conversion efficiencies 

to remain high, the air/fuel ratio must be held close to the stoichiometric air/fuel ratio. 

NOx conversion efficiency drops when the engine is run lean, and the NMHC and CO 

conversions also decline.  

In a TWC, NOx is reduced to N2 and H2O, with the simultaneous oxidation of CO and 

HC to CO2 and H2O. For a TWC to operate effectively [31], the 

inlet NOx level should be between 2000 - 4000 ppm;  

inlet CO level should be between 3000 - 6000 ppm ; 

inlet HC level should be between 1000 - 2000 ppm; and  

inlet exhaust gas temperature should be between 800 - 1200°F (425 - 650°C)  

Figure 4 and Figure 5 show qualitatively the influence of air/fuel ratio on the 

performance of a TWC. For rich mixtures CO and HC emissions are high, while on lean 

mixtures NOx is high, with a trade-off between CO and NOx [32]. There is a narrow 

air/fuel ratio band in which the TWC operates and produces simultaneously low values 

of CO, HC and NOx. It has been reported that combustion of methane produces less CO 

than combustion of gasoline [32]. Since CO is needed for the reduction of NOx, the 

mixture with methane needs to be richer than with gasoline for proper catalyst operation 

[33].  
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Figure 4.     Emissions before TWC [32] 

 

 

Figure 5.     Emissions after TWC [32] 

Even though a TWC may be economically applied to a stoichiometric natural gas engine, 

conventional wisdom argues that stoichiometric operation implies a loss of thermal 

efficiency and would therefore be employed only if emissions standards cannot be met by 

alternative systems. However, in-cylinder heat transfer and throttling losses may be 

reduced by using cooled EGR, and stoichiometric engines are emerging as an attractive 

option for low NOx operation. 
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2.3.1.4 Exhaust Gas Recirculation (EGR) 

Exhaust gas recirculation replaces a portion of the intake air with recirculated exhaust 

gas. The exhaust gas acts as a heat sink and also reduces the available O2 content, 

resulting in lower combustion temperature and NOx emissions. The presence of CO2 and 

water vapor in the recirculated exhaust gas increases the specific heat capacity of the in-

cylinder mixture and this reduces the combustion temperature [34]. 

2.3.2 NOx control techniques for lean-burn engines  

2.3.2.1 Air/fuel ratio adjustment  

In a lean-burn engine, adjusting the air/fuel ratio towards the lean operation side 

increases the volume of air available for the combustion process. This increases the heat 

capacity of the mixture and lowers the combustion temperature, resulting in lower NOx 

formation. Excessively lean mixtures may result in  combustion instability and may lead 

to misfire and incomplete combustion. Leaning the mixture is an attractive way to reduce 

NOx, but there is a limit to the amount that NOx may be reduced in this way.  

2.3.2.2 Ignition timing adjustment  

Retarding the ignition timing in lean-burn natural gas engines has a similar effect on NOx 

emissions compared to rich-burn engines.  

2.3.2.3 Exhaust Gas Recirculation (EGR) 

EGR (whether internal or external) reduces oxygen concentration in the combustion 

chamber by diluting the incoming ambient air with exhaust. During combustion, the 

lower oxygen content has the effect of reducing flame temperatures, which in turn 

reduces NOx production since the NOx production rate is exponentially proportional to 

flame temperature [35]. However, since the exhaust gas is still quite hot when directly 

recirculated back into the combustion chamber, the benefits are limited. Cooled EGR, 

now commonplace on diesel engines, is therefore attractive. 
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2.3.2.4  Selective Catalytic Reduction (SCR) 

SCR technology reduces NOx to N2 from lean-burn exhaust gas when it passes through a 

catalyst in the presence of a reducing agent such as ammonia (NH3) or urea ((NH2)2 CO). 

NOx reductions of 80 to 90% are possible with SCR, and higher reductions are possible 

with the use of more catalyst area, greater volume of reducing agent and more subtle 

controls, but there is risk of exhausting ammonia if too much reductant is used. Urea 

decomposes in the hot exhaust gas and SCR catalyst, releasing ammonia. Approximately 

one mole of ammonia is required per mole of NOx at the SCR reactor inlet in order to 

achieve an 80 to 90% NOx reduction [36]. 

Urea is commonly used as nitrogen fertilizer. Over 85% of urea consumption is for 

fertilizer use with the balance consumed in various industrial processes [37].  Properties 

and manufacture of urea are presented in references [38], [39] and [40].  

Johnson Matthey is one of the largest suppliers of SCR catalysts. Their webpage [41] 

states that, in general, SCR catalysts are used in lean-burn applications where oxygen 

content is greater than 1% in the exhaust gas stream. The basic reaction steps in an SCR 

catalyst are shown below, where NO and NO2 are converted to N2 and H2O using 

ammonia as a reducing agent  

  OHNONHNO 2223 6444 +⎯→⎯++             (8) 

  OHNONHNO 22232 6342 +⎯→⎯++             (9)  

  OHNNHNONO 2232 322 +⎯→⎯++             (10) 

In Equation 8, the NOx conversion rate increases when there is a mixture of NO and NO2 

present in the exhaust gas as the reactions in Equation 6 and 7 occur in parallel. For each 1 

g/bhp-hr reduction of NOx, an engine with SCR consumes urea at a rate of 

approximately 1.5% of the amount of fuel used [35]. 

SCR systems add a significant cost to the installation and maintenance when integrated to 

an existing engine system (Table 5). A SCR system can be retrofitted on a 2300hp IC 
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engine for approximately $158,000 [42]. The annual operating costs of the system can be 

as high as $67,000 per year. This includes the ammonia or urea supply cost, catalyst 

washing, the replacement of sensors, thermocouples, and labor. The annual operating 

costs of an SCR system are significantly affected by the size of the engine system on 

which it is implemented. 

Table 5.     SCR cost analysis [42] 

Variables For 90% NOx 
reduction 

For 50% NOx 
reduction 

Engine (hp) 2336 2336 
Annual operation (hours) 8000 8000 
Fuel consumptions (lb/bhp-hr) 0.34 0.34 
Engine speed (rpm) 1800 1800 
Engine load (%) 100 100 
NOx (ppm) 687 687 
Urea wt% with balance water 0.32 0.32 
NOx emissions (tons/year) 101 101 
NOx Reduction (%) 90 50 
Tons of NOx reduced 91 50 
Capital cost for system ($) 157,590 142,290 
Annual operating cost ($) 66,882 46,116 

Since the difference in capital cost for the 50% and 90% installations are relatively small, it 

is preferable to use a 90% reduction system.  

The cost of the reducing agent (urea) greatly affects the implementation of an SCR 

system. A study was conducted by Fable et al. [43] to evaluate the cost of delivering 

aqueous urea to service stations for use in transportation. The study showed that the 

production cost of 32% aqueous urea solution could range from $0.12 to $0.30 per gallon. 

But the cost to the end customer would be dominated by the distribution cost which 

could range anywhere from $0.70 to $35 per gallon. 

The Fable et al. study also mentions that the cost to purchase and manufacture urea for  

SCR systems is influenced by the price of natural gas. Figure 6 shows the manufacturing 

cost of urea vs natural gas prices. In 2002 the average price for natural gas was $3.00 per 

million Btu. The price of natural gas was $6.14 per million Btu as of July 21, 2006 

according to the New York Mercantile Exchange Inc. (NYMEX) [44]. 
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Figure 6.     Urea manufacturing cost $/ton vs. natural gas price $/million Btu [42] 

Another study conducted by NREL/DOE showed that about 1 gallon of urea would be 

consumed for each 18 gallons of diesel fuel on heavy-duty diesel vehicles equipped with 

SCR systems in order to reach the 2007 NOx targets [45].  Note that reduced engine-out 

NOx emissions reduce the urea requirement.  

2.3.2.4 Lean NOx Trap (LNT) or NOx Adsorber Catalyst (NAC)  

The concept of a LNT involves adsorption of NOx under lean exhaust conditions and 

conversion of the stored NOx into N2 under rich exhaust conditions. The temperature 

window for NOx conversion is between 200-550˚C [46]. The catalysts are sensitive to 

sulfur poisoning and therefore require fuels with extremely low sulfur content, and 

perhaps even low sulfur lubricants.  

A typical LNT consists of a ceramic substrate coated with a washcoat that combines three 

active components, an oxidation catalyst (platinum - Pt), an adsorbent (Barium Oxide - 

BaO) and a reduction catalyst (Rhodium - Rh).  

NOx from the exhaust gas reacts with oxygen and is adsorbed in the form of nitrates 

produced by reversible reactions between the NOx and Ba [47]-[49].  

 222
1 NOONO ⎯→←+         (11)  
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 2322
1

2 )(2 NOBaONOBaO ⎯→←++       (12) 

During regeneration periods, when the engine runs at fuel rich conditions the barium 

nitrate becomes unstable and decomposes producing NO and NO2. 

 22
1

23 12)( ONOBaONOBa ++⎯→←                     (83) 

 22
1

223 2)( ONOBaONOBa ++⎯→←              (94) 

The NOx is then reduced. 

 222
1 CONCONO +⎯→←+        (105) 

The NOx adsorption reactions are what make the LNT different from traditional TWC 

NOx decomposition. Reactions with sulfur in the LNT are problematic. The sulfate is 

more stable than the nitrate, and renders the barium site useless for NOx adsorption. 

Very high temperature regeneration can re-enable the sites. 

 322
1

2 SOOSO ⎯→←+         (116) 

 43 BaSOSOBaO ⎯→←+        (127) 

Much has been written on the durability and poisoning issues of NOx- Trap catalysts 

[50]-[63].  

2.3.2.5 Lean NOx Catalysts (LNC) 

A LNC uses unburned hydrocarbons to reduce NOx over a catalyst. The catalyst can be 

made up of platinum or zeolite. The operation of a LNC requires continuous injection of 

fuel upstream of the catalyst. The NOx conversion efficiency is usually too low to provide 

an order of magnitude NOx reduction. LNC have temperature range limitations that 

cause conversion efficiencies to be lower than desired in typical operation [64]. A passive 

LNC uses the hydrocarbons present in the exhaust, where as an active LNC requires 

additional hydrocarbons to be injected upstream of the the catalyst [65].  A zeolite based 

catalyst is active at temperatures between 350 and 450°C, resulting in 60% NOx 
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conversion, while a platinum catalyst is active at lower temperatures of approximately 

200 - 300˚C with 50% NOx conversion capability in laboratory conditions [66]. 

2.3.3 Other NOx control techniques for natural gas engines  

2.3.3.1 Water injection 

Addition of water into the combustion chamber acts in the same way that EGR does. It  

lowers peak combustion temperatures and decreases NOx formation. Water can be 

introduced to the engine cylinder through direct injection or fumigation into the intake 

air.  Research conducted at Southwest Research Institute by Callahan et al, on direct water 

injection experiments on a lean-burn natural gas engine concluded that injecting water 

near TDC with a water/fuel ratio of 0.80 was effective in reducing NOx by approximately 

24% [67].  This will not provide the order of magnitude reduction sought by the ARES 

program for lean-burn engine out emissions. 

2.3.3.2 Cooled exhaust gas recirculation 

Spark ignited engines can now take advantage of cooled EGR technology used in diesel 

engines [68]. A cooled EGR system takes a measured quantity of exhaust gas, then passes 

it through a heat exchanger before mixing it with the incoming air charge to the cylinder. 

NOx emissions are reduced [34].  

2.3.3.3 Homogeneous Charge Compression Ignition (HCCI) 

With HCCI the air/fuel charge autoignites at a point near top dead center. The heat 

release is controlled using intake manifold temperature or EGR under constraint of a 

fixed compression ratio. The point of combustion is difficult to manage, and research in 

this area is still in its infancy. Fuel composition, particularly the higher hydrocarbon 

content (ethane, propane, and butane) of the fuel is of primary concern [69].  

2.3.4 Evaluation of competing emissions reduction technologies  

A study was conducted by the U.S. Air Force to evaluate available NOx reduction 

technologies [70]. The authors devised a numerical rating system to evaluate the merits of 
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competing technologies. The system was divided into five criteria for a total of 100 points 

based on emissions reduction capability (25 points), cost (25 points), reliability and 

maintenance (20 points), deployability (20 points) and fidelity of data (10 points). Three 

pre-combustion and three post-combustion NOx reduction technologies were evaluated.  

Only the emissions reduction capability of each technology is discussed in this report. 

Technologies that achieved greater than 90% reduction over all loads earned maximum 

points, followed by those achieving reductions in the 70 to 80% range. Points were 

prorated for systems with greater than 69% that varied with load and systems with less 

than 69% NOx reduction scored 0. Each technology was further evaluated on increase in 

carbon monoxide (CO), particulate matter (PM), hydrocarbons (HC), or secondary 

emissions. Furthermore, the technologies had to be deployable on or before 2000. 

Pre-combustion NOx reduction technologies 

• Water-in-Fuel Firing (WFF) – water was emulsified with the fuel to act as a 

detergent and injected into the engine thereby lowering the combustion 

temperature to reduce NOx formation.  

• Oxygen-Enriched Air (OEA) – Intake air was enriched with oxygen up to 21% to 

improve combustion.  

• Dual-Fuel Firing (DFF) – Natural gas was used as a second fuel in a diesel engine 

and was injected into the intake manifold. Natural gas was chosen since it has 

lower NOx production than diesel fuel.  

 Post-combustion NOx reduction technologies 

• Selective-Catalytic Reduction (SCR) – Ammonia was used as a reductant on a 

vanadia-coated titanium honeycomb catalyst.  

• NOx-Sorbent Filtering (NSF) – A granular activated carbon material was used to 

adsorb NOx from cooled exhaust gas.  
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• Non-Thermal Discharge (NTD) – An electrically driven process that used high 

dielectric fields and a chemical agent to promote the conversion of NOx into NO2. 

The NO2 was then cooled and a scrubber was used to remove the water soluble 

compounds from the exhaust gas. 

The evaluation criteria for emissions reduction capability with numerical ratings are 

shown in Table 6 [70]. It was concluded in the study that, based on the criteria of 

emissions-reduction, cost, reliability, maintainability, deployability, the Water-in-Fuel 

Firing  method, Selective-Catalytic Reduction, and NOx-Sorbent Filtering technologies 

are viable to attain overall environmental compliance. However, the study mentions that 

these three systems are not turnkey solutions, and therefore need further development. 

Table 6.     Numerical ratings for emission reduction technologies [70]  

Technology Rating Element 
DFF NTD OEA SCR WFF NSF 

NOx Reduction 0 6 0 5 10 8 
Impact on CO 0 1 2 3 1 3 

Impact on PM 3 1 3 1 3 1 

Impact on HC 0 2 3 2 0 3 

Secondary Emissions 2 2 2 1 3 3 

Deployment Schedule 3 0 1 3 3 2 
Total: Emissions reduction 
(25) 

8 12 11 15 20 20 

 

The NOx-Sorbent Filtering (NSF) method was one of the highest scored under the 

emissions reduction category in this review [70] and received 8 out of 10 for NOx 

reduction. In this method the exhaust gas was first cooled using an air-to-air heat 

exchanger and then filtered to remove PM. In the next step the NOx was physically 

adsorbed on to a filter containing granular activated carbon material. The NSF system 

used in this study was similar to the first two steps in the Selective NOx Recirculation 

(SNR) system discussed below in this report. However, the SNR system adds further 

steps, where NOx is desorbed from the carbon material and recirculated back into the 

engine for decomposition.  
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2.4 ARES proposals for future NOx reduction strategies  

The Advanced Reciprocating Engine Systems (ARES) consortium was launched by the 

US Department of Energy (DOE) to develop a new class of cost effective gas fueled 

internal combustion engines by 2010 for stationary power generation applications. The 

ARES program is a multiple participant arrangement involving DOE, three US engine 

manufacturers, national laboratories and universities.  The engine output range targeted 

by ARES is approximately 500 to 6500 kW for power generation applications [71]. Under 

the ARES program, special attention was given to research on advanced materials, unique 

fuel and air handling systems, advanced ignition and combustion systems, catalysts, 

lubricants, and technologies that are compatible with existing transmission and 

distribution systems. 

The ARES program consists of three phases, each with specific targets to reach the 

program’s overall goals. Phase 1 was completed during the 2004 - 2005 timeframe, while 

the final phase III is expected to be completed during 2009 - 2010. ARES goals for 

advanced gas engines are listed below in Table 7 [1]. 

Table 7.     Overview of ARES goals by 2010 [1]  

Installed Costs  $400-$450 per kW 

Maximum Efficiency  50% Thermal, 80+% with CHP  

NOx Emissions 0.1 g/bhp-hr 

Maintenance Cost  $0.01 per kW-hr 

Major Service Interval Annually 

Operator Training  100 hours 

The Selective NOx Recirculation technology presented in this report was funded under 

the ARES program to achieve high NOx reduction. 

2.4.1 Proposal from Cummins Inc. for NOx reduction 

The current ongoing innovations at Cummins include the advanced lean-burn gas project 

under the ARES Program that investigates a cost effective method to reduced NOx 
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emissions using an after-treatment system, improved engine efficiency by reducing 

parasitic losses, extend maintenance intervals in improving ignition systems and reduced 

initial cost by increasing BMEP [72].  

The phase I goals of 44% brake thermal efficiency and 0.1 g/bhp-hr of NOx emissions 

were reached and made ready for field testing [73]. The key strategies for improving 

engine efficiency were by increasing effective expansion ratio, improving air handling, 

using advanced engine controls, and reducing friction on lean-burn spark ignition 

engines. This was a 7% improvement in brake thermal efficiency (BTE) from the 2001 

baseline level.  NOx emissions target was achieved by using a SCR system [73].  

To reach the phase II goal of 47% BTE Cummins Inc. proposes further improvement in 

the combustion system on a stoichiometric-burn engine operation mode. A stoichiometric 

engine using cooled EGR with a TWC aftertreatment system is projected to be the most 

cost effective solution to reduce NOx below 0.1 g/bhp-hr without the use of a urea-based 

SCR system [73]. 

Phase III goal of 50% brake thermal efficiency may be achieved by through HCCI that 

does not require an aftertreatment system to further reduce NOx emissions [74]. 

2.4.2 Proposal from Caterpillar Inc. 

The phase I goal of developing a lean-burn natural gas engine with 44% efficiency and 

0.50 g/bhp-hr of NOx emissions was introduced in 2004. Their approach was to improve 

the lean-burn open chamber combustion system, increase pressure of the single stage 

turbocharger, reduce engine friction, and use a Caterpillar in-cylinder air/fuel ratio 

controls. NOx emissions were limited by the use of a SCR system [75].  

A significant stride towards reaching phase II goals is to use a High Efficiency Advanced 

Turbocharger (HEAT), which has 65 – 68% turbocharging efficiency and pressure ratios 

above 4.5 [76].  To reach the NOx target Caterpillar Inc. is developing a high BMEP 

stoichiometric combustion concept utilizing EGR and a passive 3-way catalyst (SC-3: 

Stoichiometric, Clean exhaust induction, 3 way catalyst) while simultaneously reducing 

CO and HC emissions to low levels [75]. The SC-3 system would use 20-30% EGR for a 
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stoichiometric engine with up to 2% efficiency penalty and would emit ultra low 

emissions of 0.1 g/bhp-hr of NOx, 0.1 g/bhp-hr of CO, and 0.15 g/bhp-hr THC [77].  

The prime path options to reach phase III goals are to utilize open chamber HCCI 

combustion and reformed fuel open chamber combustion that does not require an 

aftertreatment system to reduce NOx. A summary of phase III option paths are listed in 

Table 8 [76]. 

Table 8.     Caterpillar Inc. prime path options for NOx reduction [76] 

Combustion Options NOx Aftertreatment Options 

HCCI Not required  

SC-3 Passive three way catalyst 

Reformed fuel open chamber  Not required 

Dual fuel concepts  To be determined  

Lean-burn with miller cycle   Advance SCR 

2.4.3 Proposal from Waukesha Dresser Inc. 

Waukesha Engine Company has been manufacturing natural gas stoichiometric and lean-

burn engines from 1985. The current VHP product line stoichiometric engines carry 33% 

efficiency and 0.15 g/bhp-hr NOx (with catalyst) and lean-burn engines of 35% efficiency 

with 0.7-1.25 g/bhp-hr NOx [78]. Their VGF product line carries stoichiometric engines 

with 35% efficiency and Lean-Burn with 39% efficiency. The technical challenges they 

face to meet ARES program goals are improving ignition systems, friction reduction, 

sensors, and exhaust after-treatment [79],[80]. This company also proposes a cooled-EGR 

stoichiometric engine with a TWC as an aftertreatment system. 
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2.4.4 Proposal from National Laboratories 

2.4.4.1 Oak Ridge National Laboratory (ORNL) 

A Lean NOx Trap system for lean-burn natural gas engines was proposed by Parks et al, 

ORNL [81]. The catalyst stores NOx during lean conditions and needs regeneration under 

rich conditions. The sorption chemistry was described as [81]: 

2323222 COPtKNOKNOCOKPtONO +++⎯→⎯+++     (13)       

The regeneration of the LNT required hydrocarbons and was described as [81]:  

 OHPtCONKOHHCPtKNOKNO 22232 2 ++++⎯→⎯+++  

 PtOHNCOKOHPtCONKOH +++⎯→⎯++++ 2232222 22         

Total NOx reduction of over 90% was demonstrated, and no additional reductants were 

needed in this LNT system. There was a narrow operating temperature of this system 

where hydrocarbon oxidation is best at temperatures greater than 450˚C and the NOx 

storage capacity is high at temperatures lower than 550˚C. The fuel penalty was 1- 5% for 

the Oak Ridge dual chamber system. 

2.4.4.2 Argonne National Laboratory (ANL) 

A NOx reduction method by nitrogen enrichment of the air intake was presented by 

researchers at ANL [82]. An air separation membrane was proposed to filter out a portion 

of the O2, CO2 and H2O from the incoming air and allow N2 through the membrane into 

the air intake of the engine. This increased the inert combustion temperature resulting in 

lower NOx emissions. Initial tests were conducted using nitrogen injection, and this 

showed NOx reduction success.  

2.4.5 Summary  

“Through 2020, natural gas will remain the energy source of choice to meet industrial end users’ 

needs, by providing increased value relative to other energy sources in energy efficiency, 

productivity, environmental performance and innovative uses” [83]. 
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Although historically diesel engines have been popular for power generation 

applications, due to diesel emissions concerns natural gas fueled spark ignited engines 

are gaining popularity for the higher duty-cycle stationary power market of over 500 

hr/yr [84]. As an added advantage with stationary natural gas engines, waste heat can be 

recovered from the hot engine exhaust and from the engine cooling systems to produce 

either hot water or low pressure steam for combined heat and power (CHP) applications 

[84].  

The emissions of natural gas spark ignited engines have been reduced significantly in the 

last decade through better air handling, mixing and control of the combustion processes, 

and through use of exhaust gas catalysts. However, a catalyst of an IC engine that 

employs a TWC, SCR, or a LNT may become deactivated due to chemical poisoning and 

thermal breakdown. This process is commonly known as catalyst aging. In some cases 

cleaning procedures can remove contaminants from the catalyst, usually restoring 

catalytic activity. 

The ARES consortium brings together leading engine manufacturers, US national 

laboratories, universities, and other research organizations under the US Department of 

Energy sponsorship. These parties are cooperating to achieve 50% thermal efficiency and 

NOx emissions of 0.1 g/bhp-hr by 2010. The ARES goals represent improvements of 30% 

and 95% in efficiency and emissions respectively from present day averages. Various 

strategies have been explored in the ARES program, and there are proposals to use 

stoichiometric combustion in the future for low NOx emissions. 

2.6 Selective NOx Recirculation  

Selective NOx Recirculation is a NOx reduction aftertreatment system designed for lean-

burn reciprocating engines. SNR involves NOx removal from lean exhaust gas by NOx 

adsorption and subsequent selective external re-circulation of NOx back into the 

combustion chamber and decomposition of NOx during the combustion process. Unlike 

conventional EGR, a high concentration of NOx is recycled into the engine intake, rather 

than post-combustion air as with EGR. 
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The SNR system can be implemented as a single adsorber system or as two parallel 

adsorbers in the exhaust. With a single adsorber system the exhaust from the engine 

bypasses the system when the adsorber is in desorption mode. In a parallel system, one 

adsorber acts in adsorption mode while the other in desorption mode, so that continuous 

operation is possible. A control valve is provided to separate the exhaust from one line to 

the other. 
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Figure 7.     Single adsorber SNR system 

The SNR process has no consumables (other than sorbent replacement) nor does it have  

any byproducts or secondary emissions, but instead uses the nature of the combustion 

itself to decompose the recirculated NOx.  

There are two major focus areas involved with SNR. First is to understand and maximize 

the NOx decomposition phenomena within the combustion chamber and second is to 

research the behavior of suitable NOx adsorbent materials that can hold sufficient 

quantities of NOx from lean exhaust gas and desorb the NOx with relative ease. System 

design is also required. 

2.6.1 Decomposition Process  

NOx decomposition or re-burning process is a method which is already used in coal fired 

plants to control its NOx emissions. The NOx re-burn process starts by creating a 
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secondary combustion or re-burn zone downstream from the main burner. The 

combustion gases that result from main combustion zone move to the re-burn zone where 

a fraction of fuel, usually natural gas, is injected over the burners. The injection of 

additional fuel creates a fuel-rich zone in which the NOx formed in the main combustion 

zone is converted to nitrogen and water vapor. Also, any unburned fuel leaving the re-

burn zone is subsequently burned to completion in a downstream burnout zone where 

additional air is injected. Methane combustion for NOx reduction was initially suggested 

for re-generable flue gas clean up processes. Yet et al. [85] showed that in large coal fired 

power plants NOx emissions were reduced by injecting natural gas and air into the hot 

flue gas that comes from coal combustion. 

2.6.2 Experimental Results by Daimler-Benz and Johnson Matthey-1998 

Researchers from Daimler-Benz and Johnson Matthey conducted experiments on two 

types of diesel engines and a gasoline engine - a naturally aspirated engine equipped 

with a pre-chamber and a turbocharged engine operating on direct fuel injection and a 

gasoline engine operating under slightly rich to lean conditions [86].  

The experimental tests were conducted by injecting NOx from gas cylinders into the 

intake air of the engines. The degree of engine NOx decomposition was evaluated by 

comparing the NOx concentration in the exhaust with and without feeding NOx in 

relation to the NOx in the intake air. The equation used to evaluate decomposition 

efficiency is as follows:  

  
feed

NOx NOx
NOxNOx 211 −

−=η             (20)  

NOx1 and NOx2 represent the NOx concentration with and without NO injection 

respectively, and NOxfeed is the quantity of NO injected. 

They noted that the diesel engines had a similar decomposition pattern. Decomposition 

efficiency increased with an increase in load while engine speed had less influence on 

NOx decomposition. The NOx decomposition efficiency for the naturally aspirated 

engine was 10 - 40% and for the turbocharged engine it was 20 - 50%. 
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Their 2.2 liter naturally aspirated SI engine experiments were conducted at air/fuel ratios 

that ranged from λ = 0.96 – 1.14. The engine was operated at loads from 2 – 8 bar and 

speeds from 1000 - 5000 rpm. The highest decomposition percentage was about 90% at 8 

bar and 1000 rpm. This was because of the high combustion temperature at a higher load 

and more residence time of the injected NOx in the combustion chamber influenced the 

NOx decomposition. They also noted that the CO in the exhaust was reduced and HC 

was not affected by NOx injections. They also concluded that the NOx decomposition 

efficiency was almost independent of the injected NOx concentration in the intake air. 

However, they observed that the air/fuel ratio had a great impact on the NOx 

decomposition. At stoichiometric and slightly rich conditions the destruction efficiency 

was observed to be 55 to 90%, and at lean conditions it was about 20%. 
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Figure 8.     NOx decomposition vs. λ in a SI engine [86] 

2.6.3 NOx Storage Materials  

The researchers at Daimler-Benz and Johnson Matthey have investigated suitable storage 

materials to adsorb NOx under lean-burn condition [87]. These catalyst materials are 

namely barium aluminates, barium tin perovskite, and Barium Y-zeolites where they 
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adsorbed NOx selectively and store it as nitrate or nitrite species. NOx was stored at low 

temperatures and the regeneration was done by heating the adsorber. 

2.6.3.1 Barium Aluminates 

Barium aluminates were tested for their adsorption and desorption capabilities by Chaize 

et al. [87]. It was observed that the adsorption temperature for the washcoat was between 

80°C and 200°C and that NOx was completely desorbed at 500°C. The adsorption 

capacity of NOx was 2.1% of the weight of the catalyst.    

2.6.4.2 BaSnO3 Perovskite 

Perovskite was formed into a solid material and was tested for NOx storage and release 

capabilities. Its adsorption temperature range was 80 - 280°C and the desorption 

temperature range was 450 - 550°C. The NOx Adsorption capacity of perovskite was 

between 1.4 – 1.9% of its weight [87]. 

2.6.4.3 Ba-Y Zeolite 

Chaize et al. exposed the Ba-Y zeolite adsorber to a gas mixture of equal amounts of NO 

and NO2. The temperature was raised from 100 to 560°C in the adsorber and the effects 

were monitored. It was noted that at 100°C to 200°C the adsorber was capable of reducing 

one third of the concentration and at 227°C the Ba-Y zeolite started desorbing the NOx 

[87]. 

2.6.4.4 Activated carbon 

Activated carbon is capable of removing substances from a fluid through an adsorption 

process. Usually, certain particles or elements are bound to an adsorbent particle surface 

by either chemical or physical attraction. Activated carbon is mostly derived from 

charcoal and may consist of a mixture of carbonized materials such as coconut shells, nut 

shells, and wood. Once the mixture is activated it constitutes a material with an 

exceptionally high surface area and includes a large number of micropores. For example, 
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activated carbon sample OVC4x8 manufactured by Calgon Carbon Corporation has a 

surface area of 1200 m2 per gram of carbon granules [88].  

Activated carbon and carbon fibers have been used to convert NOx into N2 in the 

presence of  NH3 or its oxidation into NO2 and NO3 and trapped onto water [89].  

2.6.3 Experimental results by Sorbent Technologies, Inc. 

The overall SNR scheme researched by Sorbent Technolories was similar to the concept 

developed by Daimler-Benz AG, but without the sulfur sensitivity of the NOx trapping 

materials that Daimler-Benz employed. With the Sorbent Technologies material, NOx 

adsorption occurred only at low temperatures, from ambient to about 200˚F. Therefore, 

an exhaust gas cooler was added to avoid excessive heat. Their findings are summarized 

below [90]. 

A sorbent bed was constructed to handle exhaust flow rates of 100 – 400 acfm that passed 

gas horizontally through a vertical rectangular bed of sorbent material. A special type of 

sulfur tolerant carbon granule was used to adsorb the NOx. Experiments were conducted 

to examine NOx adsorption onto the carbon material, desorption from the carbon, and 

decomposition in the combustor. 

To evaluate the relative NOx adsorption, fixed-bed adsorption runs were performed by 

injecting 100 and 500 ppm NO and NO2 concentrations at a variety of temperatures. The 

results from these tests are shown in Figure 9. For the initial run, 80% of NO2 was 

adsorbed by the carbon compared to 40% of NO adsorption at up to 40˚C (105˚F). 

However, it was concluded that after the first desorption cycle the sorbent material 

showed similar behavior towards NO and NO2 at approximately 100˚F. It can be seen that 

exhaust gas temperature played a major role in adsorber efficiency.  
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Figure 9.     Percent adsorbed as a function of the gas temperature for concentrations of NO and 

NO2 [90] 

NOx desorption was evaluated by conducting two independent series of tests by 

exposing the bed to 1000 ppm of NO and then to 1000 ppm of NO2. Results from these 

tests are summarized in Figure 10. 

This particular adsorber setup was able to adsorb 2.0 weight percent of NO in the first 

cycle before breakthrough had occurred. When subjected to a hot air stream at 300˚C the 

bed was able to desorb 90% of the stored NO. The consequent adsorption and desorption 

runs on NO and NO2 showed similar results.  
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Figure 10.    Desorption efficiency as a function of desorbtion time for NO and NO2, from research 

conducted by Sorbent Technologies, Inc. [90]  

They achieved NOx decomposition efficiencies of over 80% for compression ignition 

engines using fuels other than diesel and for a prototype diesel fueled spark ignition 

engine.  

2.6.5 Effect of Sulfur on NOx Storage Materials 

The researchers from Daimler-Benz and Johnson Matthey also studied the effect of sulfur 

content on NOx storage materials [87]. It was noted that the performance of NOx storage 

materials was reduced by the sulfur content in the exhaust. Under lean conditions the 

alkali and alkaline earth metals form stable sulfates [87]. In order to know the effect of 

sulfur on NOx adsorbers the researchers used two fuels which had different sulfur 

contents. They used less than 10 ppm (parts per million) (Sweden quality) and 370 ppm 

(general European market quality) fuel [87]. It was noted that the NOx storage efficiency 

was reduced from 80 to 55% when exposed to 370 ppm sulfur fuel level [87]. There was 

no decrease in the NOx storage efficiency when the adsorbers were exposed to less that 

10 ppm sulfur fuel. 
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3. Selective NOx Recirculation 

3.1 Introduction 

This section describes the experimental procedure, instruments used and results obtained 

relevant to the SNR method for NOx reduction. The experiments were conducted at the 

Center for Alternative Fuels, Engine and Emissions (CAFEE) Research Center at West 

Virginia University.  

The engine runs consisted of three experimental campaigns as described in Table 9.  

Table 9.     Summary of experimental test engines and their controlled variables 

Campaign Engine Test Description Variables 

I 1993 Cummins L10G Lean with no EGR Speed, load and 
injection quantities 

II 

1998 Cummins L10G, 
and 1998 Honda 
GX390 as Ad-hoc 
experiment  

Slightly rich with limited EGR 
control on Cummins engine Speed, load  

III 1998 Cummins L10G 
Rich to stoichiometric with full 
EGR control, in-cylinder 
pressure measurement 

Speed, load, EGR%, 
and injection 
quantities 

The first experimental campaign tests were conducted on the 1993 Cummins L10G 

natural gas engine during lean-burn combustion. It was observed that the air/fuel ratio, 

injected NO quantity and engine operating points affected NOx decomposition rates in 

the engine. A highest NOx decomposition rate of 27% was measured from this engine. At 

the end of campaign I, chemical kinetic behavior of the combustion was modeled using 

the CHEMKIN software package from Reaction Design. This software package was used 

to model natural gas engine spark ignition combustion characteristics, and HCCI 

combustion and emissions [91]-[93]. These predictions were performed to relate the 

experimental data with the established rate and equilibrium models. NOx decomposition 

rates from 35 - 42% were estimated using the CHEMKIN software for the lean-burn case. 

This provided insight on how to maximize NOx decomposition rates for a natural gas 

engine. 
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The second experimental campaign was performed to acquire both stoichiometric and 

slightly rich-burn NOx decomposition rates. Prior to using the 1998 Cummins L10 engine 

in a rich-burn fashion, the smaller 0.389 liter Honda gasoline engine (Table 12) was used 

as an ad-hoc experiment to obtain NOx decomposition rates at higher in-cylinder 

temperatures. This data complemented the results obtained from the newer Cummins 

engine when operated at slightly rich-burn conditions. Although external EGR was 

added to the Cummins engine, it was not varied independently at each operating point. 

Decomposition rates of up to 92% were demonstrated. Additionally, in-cylinder pressure 

was measured to calculate engine indicated mean effective pressure (IMEP) changes due 

to NOx injections and EGR variations, and to confirm conditions in the cylinder.  

The third experimental campaign gathered NOx decomposition data at 800, 1200 and 

1800 rpm with EGR managed in an external loop from 0% to point of misfire. The air/fuel 

ratio was set at stoichiometric and slightly rich conditions and NOx decomposition rates 

were calculated for each set of runs. Modifications were made to the engine exhaust 

manifold to record individual exhaust temperature data.  

3.2 Experimental equipment and approach 

3.2.1 Test engines 

A 1993 Cummins L10-240G natural gas lean-burn engine was used during the initial 

stages of the research. A 300 hp Mustang Eddy current dynamometer was used to absorb 

power output from the engine. It was controlled by a DYN-LOC IV Digital Dynamometer 

Controller. The fuel injection system of the engine consisted of a mechanical fuel metering 

system with no feedback control. This had limitation in changing the air/fuel ratio and 

emissions stability. The engine characteristics are shown in Table 10. 

Table 10.    1993 Cummins L10G test engine specifications 

Engine serial # 34683888 
Displacement 10 liters 
Number of cylinders 6 (in-line) 
Firing order 1-5-3-6-2-4 
Fuel Introduction Carburetor 
Aspiration Turbocharged 
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Bore 125 mm (4.921 in) 
Stroke 136 mm (5.354 in) 
Compression ratio 10.5 : 1 
Rated power 240 bhp 
Rated speed 2100 rpm 
Torque 750 ft-lb 
BMEP 12.8 bar 

Due to limitation in air/fuel ratio control of this engine a newer 1998 Cummins L10G 

engine was used procured from Bell Power Systems with the assistance of Cummins 

Engine Company. The engine specifications are given in Table 11. The injection system of 

this new engine consisted of an electronic fuel injection system with closed-loop control. 

This provided a more stable air/fuel ratio and improved repeatability of the tests. The 

engine was connected to a 300 hp alternating current (AC) motoring dynamometer. 

Table 11.    1998 Cummins L10G test engine specifications 

Engine serial # 34933223 
Displacement 10 liters 
Number of cylinders 6 (in-line) 
Firing order 1-5-3-6-2-4 
Fuel Introduction Electronic Fuel Valve/Mixer 
Aspiration Turbocharged 
Bore 125 mm (4.921 in) 
Stroke 136 mm (5.354 in) 
Compression ratio 10.5 : 1 
Rated power 280 bhp 
Rated speed 2100 rpm 
Torque 900 ft-lb 
BMEP 15.3 bar 

In addition to using these two engines some exploratory work on stoichiometric-burn 

NOx decomposition was performed using a gasoline engine. The intent was to evaluate 

the NOx decomposition at higher in-cylinder temperatures and lower available oxygen 

concentrations before proceeding with similar research on the 1998 natural gas engine.  

The research was not performed to extend the study to gasoline technology. The engine 

specifications are given in Table 12. This engine was part of a Hercules brushless 6.5 KW 

generator and load was added through a panel of electrical loads.  
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Table 12.    1995 Honda gasoline engine specifications 

Manufacturer/Model Honda GX390 

Displacement 0.389Liters  (389cc) 

Number of cylinders 1 
Bore 88mm (3.5in) 
Stroke 64mm (2.5in) 
Horsepower 13 bhp 

 

3.2.2 Full flow dilution tunnel and critical flow venturi  

A dilution tunnel was used for the emissions sampling used in this program. In the 

tunnel the full flow of exhaust was mixed with dilution air, which was filtered.  Directing 

raw hot exhaust gas into a dilution tunnel lowers the dew point temperature of the 

exhaust gas to prevent condensation in the gas analyzer sampling lines. The tunnel was 

18 inches in diameter, 20 feet in length and was constructed of stainless steel. It 

incorporated a 10 inch diameter mixing orifice located 3 feet from the entrance of the 

tunnel to ensure mixing of the air and raw exhaust. Sample probes for the gas analyzers 

were located 15 feet from the entrance of the tunnel, which were over 10 diameters 

downstream of the orifice. This particular dilution tunnel meets the requirements of CFR 

Title 40 part 86 subpart N [94].  

A constant volume sampler (CVS) was used to draw the diluted exhaust through the 

dilution tunnel. The CVS system operated based on the theory of critical flow nozzles, 

wherein a critical flow venturi (CFV) was placed upstream of a blower and diluted 

exhaust mixture was pulled at a constant mass flow rate through the sonic venturi. Under 

choked flow (Mach number equal to 1) the flow rate through the venturi was 

proportional to the diameter of venturi throat and upstream absolute pressure and 

temperature. Two critical flow sonic venturis with a nominal flow of 1000 scfm each and 

another with 400 scfm were used to set a nominal flow of 2400 scfm in the dilution tunnel 

during testing of the Cummins engines. The tunnel flow was calculated using the 

following relationship: 
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T
PKVmix
⋅

=             (21)     

where Vmix is the dilution tunnel flow, K is the venturi coefficient found during 

calibration, P is the pressure at the venturi throat, and T is the absolute venturi throat 

temperature.  

3.2.3 Gaseous emissions and air flow measurement systems  

A part of the mixture of dilute air and engine exhaust was measured and supplied to the 

analyzers. Heated sample lines were used to carry the samples to the analyzers to prevent 

condensation. Each sample line was maintained at different temperatures and they are 

discussed briefly in this section. The emission measurement analyzer bench was 

configured to measure HC, NOx, CO, and CO2.  A list of gas analyzers along with their 

detection method and manufacturers are listed in Table 13. 

Table 13.     Exhaust gas analyzers 

Gas Detection Method Manufacturer 

THC  Flame ionization Rosemont Analytical 
NOx Chemiluminescent Rosemont Analytical 
CO Non-dispersive  

infrared absorptiometry 
Horiba Instruments 

CO2  Non-dispersive infrared 
absorptiometry 

California Analytical and 
Horiba 

The gas analyzers were calibrated with ± 1.0% accuracy research grade calibration gases. 

The Rosemount Analytical Chemiluminescent Model 955 NO/NOx analyzer used had an 

accuracy of ± 0.5% of full scale. Since the NOx concentrations encountered were mostly 

over 50% of full scale measurement this yielded an overall NOx measurement accuracy of 

± 2.0%. The root sum of squares (RSS) method of calculating experimental error is shown 

as follows: 
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This yielded an uncertainty of  ± 0.5% for the tunnel flow when accounting for pressure 

and temperature measurement device inaccuracies. Using the RSS method of final time 

yielded an inaccuracy of ± 2.5% for the NOx measurements. A detailed uncertainty 

analysis of the CAFEE emissions testing laboratory’s measurement systems was 

conducted by Hoppie et al. [95]. The engine intake air flow rate was measured using a 

Meriam Instruments laminar flow element (LFE). The differential pressure across the 

element, along with the absolute pressure and temperature of the air at the inlet, were 

measured.  

3.2.4  NOx injection system 

To simulate the NOx recirculation process into the engine a NOx injection system was 

utilized. The system consisted of a cylinder of compressed NO of 98.8% purity and a mass 

flow controller capable of injecting up to 1.5 liters per second. Since the majority of NOx 

from natural gas engines consists of NO, as discussed below, the gas used for this 

research was NO alone. Figure 11 shows the NOx injection system integrated with the 

engine and analyzers.  

 

Figure 11.     NOx injection system setup 

During the runs, NO was injected for 20 seconds during each mode to avoid excessive 

consumption of NO. The analyzer response was averaged for the central 10 seconds of 
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each injection. For each engine operating point, NO was injected at the exhaust line (as a 

reference), as well as at the intake line upstream of the turbocharger. The mass controller 

flow rate value was later used to infer the concentration of NO in the intake. It was 

assumed that the exhaust flow was too cold to react significantly with the NO injected 

directly into the exhaust, so that this served as an accurate representation of the NO 

quantity entering the engine. Note that this approach improves accuracy of percentage 

reduction calculation in comparison to a mass balance.  

The fraction of injected NO that was decomposed during the combustion process was 

calculated for each operating condition as follows: The amount of NO injected into the 

exhaust line was the average detected peak NOxPE. The amount of NO seen by the NOx 

analyzer due to the injection after decomposition had occurred during the combustion 

was designated as NOxPI. The average of the baseline NOx emissions, NOxB, for a given 

mode was subtracted from the values. The decomposition efficiency (η) was calculated as 

a fraction of NO decomposed at each load as shown in the following equation [87]. 

  
( )
( )BPE

BPI

NOxNOx
NOxNOx

−
−

−= 1η                                     (23) 

This efficiency is presented as a percentage in the discussion below. In discussing SI 

engine exhaust, the NOx is primarily NO, which account for 90 - 95% of the total, the 

remainder being NO2 [13],[96]. Research conducted at Colorado State University on a 

large-bore natural gas engine operating at 300 rpm stated that NO2 was relatively a small 

amount of the total NOx emitted from the engine [97]. The NO percentage of the 1998 

Cummins L10G engine was 91% of the total NOx. Therefore, it was concluded that the 

NO2 to NO ratio was small for most engines.  

3.2.5 EGR system 

EGR was introduced into the intake air of the 1998 Cummins engine by controlling the 

pressure in the exhaust piping through a butterfly valve maintaining 9kPa positive back 

pressure. The EGR flow-rate was controlled with a valve placed in the recirculation pipe 

connecting the main exhaust line downstream of the turbocharger outlet to the intake 
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duct upstream of the turbocharger intake. This setup is referred to as a Low Pressure EGR 

arrangement. The EGR piping was long enough to allow sufficient cooling to maintain 

the intake air temperature between 33 and 42°C before the turbocharger. The engine and 

EGR setup diagram is shown in Figure 12.  

 

Figure 12.    Engine and EGR system setup with two channel CO2 analyzer 

To find the maximum useable EGR quantity, EGR was increased until engine misfire 

occurred. The EGR percentage was calculated by taking the ratio of the CO2 concentration 

measured in both the raw exhaust and the intake manifold, using a two channel 

California Analytical CO2 analyzer. EGR was used to control in-cylinder temperatures to 

avoid knocking and avoid thermal problems during the rich-burn conditions. 

3.2.6 Air/fuel ratio control 

The 1998 Cummins engine employed closed loop control, with an NGK air/fuel ratio 

sensor in the exhaust. The investigators did not have direct authority over the engine 

control unit to alter air/fuel ratios. To operate the engine at alternate air/fuel ratios a 

circuit was designed that employed a NGK universal exhaust gas oxygen sensor control 

unit [98]. The output from this circuit was connected to the engine control unit (ECU) 

enabling control of air/fuel ratio by the researchers. The relative air/fuel ratio was 

defined by the following equation [96]. 
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3.2.7 In-cylinder pressure measurement system 

In-cylinder pressure was measured using a Kistler Type 6067C precision cylinder 

pressure sensor (serial # 1369396), installed in-cylinder number one. 

3.2.8 Net heat release calculation 

The net heat release rate was calculated using the in-cylinder pressure data. The equation 

used for the calculation is as follows [96].  
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=                      (25) 

where γ is the specific heat ratio, P is the in-cylinder pressure, V is the displaced cylinder 

volume, θ is the crank angle. Qnet is the net heat released representing combustion heat 

release minus the wall heat transfer and ring blow-by flow losses. The value for γ was 

assumed to be 1.32.  

3.3 Test procedure 

The engines were run in stock configuration to determine their baseline emissions. After 

measuring the engine’s full load versus speed trace (engine map or lug curve), a steady 

state test matrix was created. The controlled variables were engine speed, load, air/fuel 

ratio, NOx injection flow rates, and added external EGR quantity. The three experimental 

campaigns are described in this section. Campaign I tests conducted on the 1993 

Cummins L10G engine achieved NOx decomposition rates of 27% during lean-burn 

operation. This implied that it would be necessary to run the engine at stoichiometric or 

slightly rich conditions for maximum NO decomposition. Therefore, campaigns II and III 

were dedicated to running the engine at optimized NOx decomposition set points. The 

fact that rich-burn air/fuel ratios facilitate more NOx decomposition was also predicted 

by chemical kinetic modeling data presented later in this paper. 
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3.3.1 Campaign I 

In order to determine the effect of load, speed and concentration, two different types of 

NO injections were employed. During the first test, varying concentrations of NO were 

injected at an engine speed of 800 rpm and load of 400 ft-lb, as shown in Table 14. The 

engine was allowed to stabilize at 400 ft-lb and then NO was injected at rates varying 

from 0.39 to 1.82 g/s for 20 second periods into the engine air intake upstream of the fuel 

mixer (gas carburetor). Table 14 represents NO injection quantities at each engine 

operating point. 

Table 14.    Varying injection quantities of NO at constant engine speed and load 

Speed 
(rpm) 

Load 
(ft-lb) 

NO 
injected 

(g/s) 

NO in 
intake 
(ppm) 

Engine 
intake flow 

(slps) 
800 400 0.39 5,100 62 
800 400 0.78 10,000 62 
800 400 1.17 15,000 62 
800 400 1.56 20,000 62 
800 400 1.96 25,000 62 

On the second set of tests, engine speed and intake NO concentrations were kept 

constant, while varying the engine load, as seen in Table 15. At constant engine speed and 

varying loads, it was clear that the intake airflow rate fluctuates. To keep the percentage 

of NO in the intake air constant, the injected NO mass flow was altered accordingly. This 

held the molar fraction of NO in the intake constant for varying loads, which gave insight 

as to how conversion rates vary with temperature and pressure, knowing that higher 

loads lead to higher in-cylinder temperatures and pressures. 
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Table 15.    Varying engine load at constant speed and NOx injection quantities 

Speed 
(rpm) 

Load 
(ft-lb) 

NO  
injected 
(g/s) 

NO in 
intake 
(ppm) 

Engine  
intake flow 
(slps) 

800 100 0.64 25,000 21 
800 175 1.13 25,000 36 
800 250 1.44 25,000 47 
800 325 1.8 25,000 57 
800 400 1.94 25,000 62 

3.3.2 Campaign II  

During the second campaign experiments, the engine was operated at 800, 1300, and 2100 

rpm and the EGR percentage was not controlled. Emphasis was placed on running the 

engine slightly rich and closer to stoichiometric for this set of runs because previous lean-

burn tests from the first campaign demonstrated low NOx decomposition percentages. 

Injected NOx amounts were one order of magnitude larger than the baseline NOx 

emissions for the natural gas engine, because it was believed that the SNR approach 

would concentrate the exhaust NOx before it was returned to the engine for 

decomposition . One of the test matrices is shown in Table 16. 

Table 16.    Test matrix from campaign II 

Speed 
(rpm) 

Load 
(ft-lb) 

NO 
Injected  

(g/s) 

Air/fuel 
 Ratio λ 

800 50 - 550 2.0 0.94 
1300 50 - 800 2.0 0.95 

2100 150 - 600 2.0 1.02 

3.3.3 Campaign III 

For the third campaign, the engine was run at 800, 1200, and 1800 rpm, with full control 

over EGR percentage directed into the intake. These sets of runs focused on 

understanding the effects of EGR, as well as the injected NOx quantity, on 

decomposition. Four operating points were chosen, denoted by runs A, B, C, and D as 

shown in the test matrix in Table 17. The percentage of NOx in the intake air was 
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calculated by taking the ratio of the NOx injection mass flow rate and the total intake air 

flow rate measured using the LFE. Once again an emphasis was placed on running the 

engine slightly rich and stoichiometric for λ values that ranged from 0.94 - 1.02.  

Table 17.    Test matrix from campaign III 

Run 
ID 

Speed 
(rpm) 

Load 
(ft-lb) 

NOx% of intake 
volume flow 

EGR 
Variation 

A 800 200 1.22,  3.02,  4.12 0 – 16% 

B 800 550 0.55,  1.36,  1.96 0 – 20% 

C 1200 550 0.37,  0.91,  1.29 0 – 20% 
D 1800 600 0.22,  0.51,  0.74 0 – 18% 

 



 51

4. NOx Decomposition Results and Discussion 

4.1 Campaign I experiments 

Baseline emissions were taken for HC, NOx, CO and CO2, at operating conditions shown 

in Table 18. These emissions data were taken one day prior to the NO injection tests that 

were performed. These operating conditions were chosen to mimic reaction time scales 

associated with low speed large stationary engine operation. The sampling rate for the 

gas analyzers was set to 1 Hz. Engine operating conditions were set and then allowed to 

stabilize for 60 seconds before acquiring the data. The emissions were then averaged over 

50 second modes for each operating condition. Data designated as NOx1 and NOx2 were 

taken from two separate NOx analyzers at the same time to verify the accuracy of the 

NOx readings. A relative difference between the two analyzers was less than 0.015 for 

each engine operating condition. Minimizing variation in the relative air/fuel ratio (λ) 

was considered important, because it affected NOx production and decomposition 

amounts.  
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Table 18.    1993 Cummins engine baseline emissions - HC, CO, CO2, and NOX at varying loads 

 
100 ft-lb  
800 rpm 

175 ft-lb  
800 rpm 

250 ft-lb 
800 rpm 

325 ft-lb 
800 rpm 

400 ft-lb 
800 rpm 

HC  (g/bhp-hr) 3.60 3.43 2.92 2.83 3.17 
CO  (g/bhp-hr) 2.59 1.79 1.52 1.43 1.38 
CO2 (g/bhp-hr) 670 573 498 440 413 
NOx (g/bhp-hr) 1.82 0.68 0.61 0.84 1.09 
NOx2 (g/bhp-hr) 1.75 0.64 0.59 0.80 1.07 
HC  (g/s) 0.0158 0.0250 0.0317 0.0388 0.0519 
CO  (g/s) 0.0114 0.0130 0.0165 0.0196 0.0227 
CO2 (g/s) 2.93 4.17 5.41 6.04 6.76 
NOx (g/s) 0.0080 0.0049 0.0066 0.0115 0.0178 
NOx2 (g/s) 0.0076 0.0047 0.0064 0.0110 0.0175 
Lambda (λ) 1.26 1.36 1.40 1.41 1.40 

Figure 13 and Figure 14 show the results for the two tests matrices in Table 14 and Table 

15. From these data it was clear that NOx was decomposed during the combustion 

process at varying loads and injection quantities.  Note that in these tables and figures the 

“exhaust” data represent the amount of NO injected, before decomposition occurred. The 

“intake” data show the NOx levels after decomposition. 
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Figure 13.    Lean combustion, at 800 rpm and 400 ft-lb, with varying NO injection quantities 
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Figure 14.    Lean combustion at 800 rpm and intake air NOx concentrations of 25,000 ppm  

The percentage of injected NOx that was decomposed during the combustion process 

was calculated for each operating condition.  These values, presented in the tables below, 

showed good correlation with the values from the mass flow controller for both the 

varying and constant concentration cases. They also showed that an insignificant percent 

of NOx is being reduced in the exhaust line and dilution tunnel measurement system.  
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Table 19.    Mass flow controller and NOx values for the varied concentration experiment 

Speed 
(rpm) 

Load 
(ft-lb) 

NOxPE - NOxB 
analyzer reading 

(g/s) 

Mass flow 
controller 

(g/s) 

Percent 
difference 

(%) 
800 400 0.42 0.39 6.0 
800 400 0.79 0.78 1.2 
800 400 1.16 1.17 0.9 
800 400 1.55 1.56 1.1 
800 400 1.85 1.96 5.6 

 

Table 20.    Mass flow controller and NOx values for the varied load experiment 

Speed 
(rpm) 

Load 
(ft-lb) 

NOxPE - NOxB 
analyzer reading 

(g/s) 

Mass flow 
controller 

(g/s) 

Percent 
difference 

(%) 

800 100 0.66 0.65 1.9 

800 175 1.13 1.13 0.3 

800 250 1.48 1.48 0.2 

800 325 1.79 1.80 0.1 

800 400 1.91 1.94 1.3 

The NOx decomposition percentages for the data given in Table 19 and  

Table 20 are shown in Figure 15 and Figure 16, respectively. Error bars represent ± 2.5% 

inaccuracy in the NOx measurement, which sums to ± 5.0% overall inaccuracy when 

subtracting these values as shown in Equation 20. It was observed that the NOx 

conversion rates varied between 14 - 20% as seen in Figure 15 for varying injection 

quantities, and between 18 - 23% for a constant 25,000 ppm NOx concentration at 800 rpm 

and varying loads, as seen in Figure 16. 
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Figure 15.    NOx decomposition for varying NOx quantities at 800 rpm and 400 ft-lb, 2.5% error 

bar 
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Figure 16.    NOx decomposition vs. engine load for constant concentration and engine speed, 2.5% 

error bar 
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The results shown in Figure 16 suggest NOx decomposition is unrelated or weakly 

related to engine load. The inability to hold the air/fuel ratio constant at the 100 and 175 

ft-lb load levels may have skewed these results. NOx injection effects on other emissions 

are represented in Figure 17. These results show 20% reductions in HC emissions and a 

slight decrease in CO emissions during NO injections. 
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Figure 17.    Varying concentration NO injections on other emissions at 800 rpm and 400 ft-lb 

4.1.1 Repeatability tests   

Figure 18 shows the 800 rpm 400 ft-lb engine set point data for each of the NOx injection 

experiments shown in Figure 13 and Figure 14. The Exhaust 1 and Intake 1 data represent 

the varied NOx concentration test, and Exhaust 2 and Intake 2 represent the constant 

NOx concentration test. This set point was chosen to show repeatability, because the 

same quantity of NOx was injected in each separate test on different test days. The 

air/fuel ratio variation for the 5 experiments (baseline and exhaust and intake injections 

for each NO injection experiment) was 1.38 to 1.42. Therefore, the percentage variation in 
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the NOx decomposition efficiency due to day-to-day testing variations should not exceed 

what is shown here for any other test points.  
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Figure 18.    Two sets of NOx injections at 800 rpm and 400 ft-lb load on different test days 

4.2 Chemical kinetic modeling 

A chemical kinetic solver software package CHEMKIN, developed by Reaction Design, 

was used to simulate the NOx decomposition process and to guide the experimental 

program.  Since the lean-burn operation yielded only modest NOx decomposition, the 

researchers elected to use modeling to identify a more fruitful operating region for 

decomposition before conducting additional experimental studies.  

A closed homogeneous batch reactor model was designed to simulate the concentration 

of NO versus time for an initial mixture containing NO, O2, N2, and CH4 for λ values 

between 0.9 and 1.4. CH4 was used as fuel since it is the primary constituent (84 – 91% by 

mass) of natural gas [99]. An initial NO concentration of 25,000 ppm (or 0.0233 mole 
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fraction) was used in the initial mixture. A zero-dimensional model was used to predict 

the NO decomposition quantities of the natural gas engine for combustion temperatures 

ranging from 1300 to 1750°C. This range was set by examining the theoretical flame 

temperature and rates of reaction. In 1998, Dodge et al. [100] found that a zero-

dimensional model predicted the NOx emissions well from lean-burn natural gas 

engines. The mole fraction of NO in the combustion products was predicted for periods 

approximating the duration of normal combustion. A time step of 5 microseconds was 

used as the time base. This modeling produced estimates for the percentage of NO 

decomposed locally during the combustion process. These percentages were then 

compared with empirical values, which were acquired from the test engine. 

To estimate the temperature and pressure at which NO reactions may occur, an adiabatic 

flame temperature calculation was performed. The compression stroke was modeled as 

an isentropic compression. The gases, at an initial temperature and pressure of 25°C and 1 

bar (assuming no boost pressure), were compressed to a temperature of 410°C and 

pressure of 23.9 bar accounting for the engine compression ratio of 10.5 with boost 

pressure. To allow for valve timing, a 90% volumetric efficiency was assumed. This 

calculation yielded a pressure of 21.5 bar, before reactions have occurred. Detailed 

description of flame temperature calculations, energy balance performed and enthalpy 

values taken from JANAF tables [101] are described in a previous publication by the 

researchers [102].  

4.2.2 Modeling results  

Modeling was conducted in six stages that included rich-burn (with no EGR, 10% EGR, 

and 20% EGR), stoichiometric burn, and lean-burn (with no EGR, and 20% EGR). 

Replacing excess air with EGR not only reduces NOx in a natural gas engine [34], but 

may also enhance NO decomposition because it is heated to a lower equilibrium 

temperature.  

Predicting NOx concentration on large time scales of the order of minutes during steady-

state operation confirmed that the NOx decomposition phenomenon was rate-limited 

rather than equilibrium-limited as long as the combustion temperature was maintained. 
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Since the process was rate limited, the combustion temperature played a significant role 

in NO decomposition. 

 Figure 19 and Figure 20 show NO mole fraction as a function of time for lean-burn and 

rich-burn cases. In Figure 19, the reaction rate for the 1750ºC mixture reached equilibrium 

faster than for the reaction at 1300ºC, as expected. After the initial rapid drop in NO mole 

fraction for each temperature profile, the rates of reaction slowed down until equilibrium 

was reached at around 0.014 mole fraction.  

In Figure 20, all variables were kept constant expect the λ value which was changed from 

1.4 to 0.9. A similar trend was seen in the rich-burn case, but the equilibrium was reached 

at a much lower (0.006) NO mole fraction level than in the lean-burn case. From Figure 19 

and Figure 20 it can be concluded that a richer air/fuel ratio lowered the NO equilibrium 

level and decomposed a higher percentage of NO during combustion.  
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Figure 19.    Lean-burn λ=1.4 with no EGR. 
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Figure 20.    Rich-burn λ=0.90 with no external EGR. 

Since a full engine model was not used, a time measure was needed to assess the 

percentage of NO reduction. In one case, the decomposition rate was estimated based on 

the amount of fuel consumed. It was assumed that when 98% of the CH4 was consumed, 

the reactions would not progress much further and that NO was no longer being 

converted. The CH4 burn out rate was also modeled for each case to use for this metric. 

This value of 98% was chosen because it was a conservative estimate to the percent of fuel 

that was consumed in the test engine, although it is admitted that an average fuel 

efficiency may not apply to the individual packets of gas that are being modeled, it was a 

necessary assumption. The NO decomposition values obtained from this assumption can 

be considered as an absolute minimum. Therefore, by choosing a 99% CH4 burn out rate 

or by limiting the high reaction rate to a time frame where combustion occurs during a 

20° window at top dead center (TDC) could yield a higher NO decomposition rate.  

The time frame for CH4 to be consumed varied with temperature. Therefore, by 

calculating the NO decomposition for this period gave a reasonable estimate of NO 

decomposition rates occurring in the cylinder. A summarized version of NO 
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decomposition rates for varying combustion temperatures are shown in Figure 21 for all 

the six cases mentioned above. 
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Figure 21.    Decomposition percentages at various temperatures after 98% of CH4 has burnt out 

Based on percentage mass decomposition, the overall CHEMKIN model predicted 

decomposition rates that varied between 20 and 30% for the lean-burn case and 31 to 72% 

for the rich-burn and stoichiometric cases, highlighting that rich-burn operating 

conditions has more potential for higher in-cylinder NO decomposition rates. The 

researchers also used the 20 degree crank window as a measure of time, and this yielded 

higher percentages of decomposition.  

The modeling data emphasized that further experimental research on decomposition 

should focus on stoichiometric (or rich) combustion, and that decomposition percentages 

under stoichiometric conditions were likely to support the use of SNR with natural gas 

engines. However, it was also recognized that for lean-burn engines the air/fuel ratio 

would need to be richened during decomposition phases.  
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4.3 Campaign II experiments 

4.3.1 Exploratory work 

Encouraging CHEMKIN modeling predictions that indicated a higher NOx 

decomposition in rich-burn engines led to exploratory work on a stoichiometric-burn 

gasoline engine. This work was accomplished very rapidly and the intent was to confirm 

NOx decomposition at higher in-cylinder temperatures and lower available oxygen 

concentrations before proceeding with the 1998 Cummins natural gas engine research.  

The gasoline engine had a much lower intake air flow rate (6.5 standard liters per second) 

than the natural gas engine. The NOx injection system was used to inject up to 70% of 

NOx in the intake air. The first run kept the intake NOx concentration constant at varying 

engine loads as shown in Table 21. The second run was conducted at 75% engine load 

while varying the intake NOx concentration from 1 to 5% shown in Table 22. Figure 22 

and Figure 23 show NO injections into the exhaust and intake corresponding to Table 8, 

and Table 9. 

Table 21.    Varying engine load at constant NOx concentration 

Speed 
(rpm) 

Load 
(ft-
lb) 

NOx 
Injected 

(g/s) 

NOx in 
Intake 
(ppm) 

Intake 
Flow Rate 

(slps) 
3600 1.0 0.27 50,000 4.4 
3600 3.9 0.30 50,000 4.8 
3600 7.8 0..36 50,000 5.8 
3600 9.8 0.40 50,000 6.4 

Table 22.    Varying injection quantities of NOx at constant engine load 

Speed 
(rpm) 

Load 
(ft-
lb) 

NOx 
Injected 

(g/s) 

NOx in 
Intake 
(ppm) 

Intake 
Flow Rate 

(slps) 
3600 9.8 0.12 10,000 4.8 
3600 9.8 0.21 20,000 4.8 
3600 9.8 0.30 30,000 4.8 
3600 9.8 0.41 40,000 4.8 
3600 9.8 0.50 50,000 4.8 
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Figure 22.    Varying loads at constant NO concentration: Table 21 
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Figure 23.    Varying injection quantities at constant engine speed and load from Table 22. 

Further results were obtained for higher intake NOx concentrations that ranged from 1 - 

70% of the intake air at constant speed and load (Figure 24). It was noted that the effect of 

intake NOx concentration on decomposition efficiency had no significant effect on the 
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gasoline-fueled engine when compared with the lean-burn natural gas engine data from 

the first experimental campaign. This result was further confirmed when intake NOx 

concentrations were increased from 5 - 70% of the intake air. 
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Figure 24.    NO decomposition percentage vs. the amount of NO injected 

It is noted in this report that NOx decomposition in a gasoline engine cannot be extended 

directly to NOx decomposition in a natural gas engine because natural gas is  

acknowledged to be less reactive than gasoline. However, results obtained from these 

tests were encouraging for lower air/fuel ratio research. Exhaust gas temperature on the 

gasoline engine showed a significant rise during the NOx injection time period. As seen 

in Figure 25 the temperature raised 75 - 100˚F during NOx injections. It is known that a 

typical gasoline spark ignited engine lies close to stoichiometric operation or on the 

slightly rich side [96]. The success of these runs paved the path for continued research on 

stoichiometric-burn natural gas operation for maximum NOx decomposition. 
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Figure 25.    Exhaust gas temperature during intake NO injections 

4.3.2 1998 Cummins L10G engine rich-burn results 

Figure 26 shows NOx injections into the 1998 Cummins engine intake line and exhaust 

line at different engine speeds and loads during the second campaign. For this set of runs 

the NOx injection amount was held constant at 2.0 g/s for 20 seconds and the air/fuel 

ratio was held constant at 0.97. Figure 27 shows NOx decomposition percentages plotted 

against increasing load.  
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Figure 26.    NOx injection runs during second campaign 
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Figure 27.    NOx decomposition percentages for the second campaign 
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As shown in Figure 27, the overall NOx decomposition rates were between 28 and 92% 

when the engine was operated at a λ value of 0.97 (slightly rich). The maximum 

decomposition percentage of 92% was achieved at 800 rpm and at 400 ft-lb load and the 

lowest percentage of 28% was at the 2100 rpm (rated speed) level. These decomposition 

rates confirm the trends that were corroborated with CHEMKIN modeling data, for 

stoichiometric or slightly rich operation. Since the highest NOx decomposition was 

achieved at low engine speed and high load operating points, it can be speculated that 

high in-cylinder temperature and a high available period for reaction (low engine speed) 

aided thermal NOx decomposition. It was observed that at a particular engine load the 

engine speed had a negligible effect on NOx decomposition.  

In the runs shown in Figure 27, the EGR quantity was not varied independently. 

Campaign III experiments addressed variable EGR rates and are discussed in the next 

section.  

4.4 Campaign III experiments 

For the third campaign, the engine was run at 800, 1200, and 1800 rpm, with full control 

over the EGR percentage directed into the intake. Campaign III runs focused on 

understanding the effects of EGR, as well as the injected NOx quantity, on 

decomposition. Four operating points were chosen, denoted by runs A, B, C, and D as 

shown in the test matrix in Table 17. Since higher NOx decomposition was seen at lower 

speeds and higher engine loads, more attention was given to these operating points as it 

may mimic behavior in large-bore engines. Five EGR quantities were chosen and for each 

EGR quantity three NOx concentrations were injected. Once again an emphasis was 

placed on running the engine slightly rich and stoichiometric for λ values that ranged 

from 0.94 to 1.02.  

Figure 28 shows the NOx decomposition rates of runs A and B (see Table 17), which 

included injecting three different concentrations of NOx. It can be concluded that NOx 

decomposition rates weakly depended on the quantity of NOx injected at low EGR rates. 

There was a trend of lower NOx decomposition values as EGR ratio was increased. The 
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EGR will affect in-cylinder gas composition, but more importantly will lower in-cylinder 

temperature and affect the mixture burn rate. 
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Figure 28.    Effects of EGR and NOx concentration on decomposition, from runs A, B, Table 17 

The exhaust gas temperature measured at each exhaust port on the 1998 Cummins engine 

showed a rise during the NOx injection time period. A further increase in temperature 

was observed as the intake NOx concentration was increased, as shown in Figure 29 and 

Figure 30. Since the engine was run at stoichiometric conditions or on the slightly rich 

side (0.94 ≤ λ ≤ 1.02), it can be speculated that the disassociation of NOx into nitrogen and 

oxygen. This would alter the effective air/fuel ratio, alter the combustion rate, and might 

have raised the combustion temperature. The cylinder to cylinder combustion variation 

may detract from optimal NOx decomposition.   
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Figure 29.    Exhaust gas temperature recorded during NOx injections from run A, Table 4 
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Figure 30.    Exhaust gas temperature recorded during NOx injections from run B, Table 4 

In addition to NOx emissions data, emissions data for CO, CO2, and THC were recorded. 

An example is shown in Figure 31, taken from run B. Even though NOx injections were 

occurring (as shown by the three excursions on the NOx trace), the corresponding values 
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for CO, and CO2 were not affected. However, it can be seen that THC level fluctuated 

during the run, perhaps due to cylinder-to-cylinder O2 concentration variation [103].  
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Figure 31.    NO injection effects on THC, CO, and CO2 

In-cylinder pressure was recorded during each run to monitor any variations in peak 

pressure due to NOx injections. In-cylinder pressures from runs A and B shown in Figure 

32 and Figure 33 are averages of 140 pressure peaks. For each averaged pressure trace, net 

heat release rate was calculated using Equation 23. 
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Figure 32.    Run A (800 rpm, 271 Nm), no EGR and 6% EGR with three NO injections 

A weak trend of reducing peak pressure was observed with increasing concentration of 

NO in the intake air in run A (800 rpm and 200 ft-lb). By adding 6% EGR the peak 

pressure dropped from 1900 kPa to 1600 kPa as expected, since EGR reduced the 

available oxygen content available for combustion and thereby lowered the peak in-

cylinder temperature. EGR may also have reduced the flame speed. This trend was 

almost negligible during run B when the load was increased to 550 ft-lb.  In summary, the 

NO injections did not cause substantial changes to the combustion or to other emissions 

from the engine. 
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Figure 33.    Run B (800 rpm, 745 Nm), no EGR and 6% EGR with three NO injections 
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5. Benchtop study on NOx adsorption and desorption process  

5.1 NOx Adsorption System  

In order to quantify the NOx adsorption/desorption characteristics of the sorbent 

material, a benchtop adsorption system was constructed and instrumented with 

thermocouples.  

The NOx adsorption chamber was 27” long and 1 3/8” diameter stainless steel pipe, 

capable of holding one pound of adsorbent material (Figure 34).  Temperatures were 

measured at 10” and 20” from the inlet side of the cylinder by thermocouples.  NO was 

introduced into the bed at one end and the output concentration of the bed was measured 

using a Rosemount Analytical, Model 955 NOx analyzer.  NO at a concentration of 510 

ppm was chosen to load the adsorber to test the adsorption/desorption capabilities of the 

sorbent material.    

Mass flow controller
DAQ system 

Adsorption chamber

Temperature 
controller 

 

Figure 34.    Benchtop setup 



 74

5.1.1 Adsorption phase 

Two different types of activated carbon materials were evaulated for SNR applications 

with natural gas engines. Centaur 4X6 activated carbon marketed by Calgon Carbon 

Corporation (properties shown in Table 23) and a proprietary carbon batch supplied by 

Sorbent Technologies were used in the experiments.  The experimental research did not 

seek to optimize carbon formulation for the purpose of adsorption, but rather 

characterized the ability of these available carbon products to adsorb. 

Table 23.    Properties of Calgon Carbon Corporation’s activated carbon, OVC4X8 

Property Value 
Ash, wt% 3.0 
Moisture, wt% 3.0 
Hardness No. 97 
Apparent density, g/cc 0.5 
Average particle size, mm 3.7 
Surface Area, m2/g 1,200 

During an initial adsorption experiment the carbon bed was first preheated to 100˚F and a 

7 lpm flow of 510 ppm NO was directed into the chamber.  Data were collected until NO 

breakthrough had occurred and approximately 80% of the NO injected was actually being 

adsorbed.  Operation at high breakthrough rates was not of interest because this 

operation would not be suited to engine exhaust NOx abatement.  

Figure 35 shows the adsorption properties of the two carbon samples.  Additional 

research on the NO adsorption using these two carbon types was undertaken as part of 

this program, and the results have been presented in the thesis of Zimmerman at West 

Virginia University. The additional research included an evaluation of the changes in 

adsorption properties when the carbon was employed for repeated NO adsorptions. 

Further runs were conducted using Calgon Centaur 4X6 activated carbon.  The NO to 

CENTAUR® 4x6 activated carbon granules weight ratio during the experiments was 

0.13%.  
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Figure 35.    Adsorption breakthrough for Calgon and Sorbent Technologies, Inc. carbon 

It was necessary to find the most efficient yet practical adsorption temperature of the 

carbon at a flow rate of 7 lpm and 510 ppm of NO. An electrical heater coil was wrapped 

around the chamber to heat the sorbent material to a predetermined temperature. The 

temperatures chosen for the adsorption runs were 100˚F, 150˚F, 200˚F, and 300˚F 

respectively. A fresh batch of carbon was used for each adsorption run in order to ensure 

a constant composition medium eliminating any unknown changes to the carbon during 

the desorption phase. 
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Figure 36.    Centaur 4X6 carbon used in adsorption runs to find ideal adsorption temperature 

As shown in Figure 36, increasing the temperature of the carbon caused an earlier 

breakthrough of NO, therefore, the cooler the bed the better the adsorption process, as 

expected.  A temperature of 100˚F was chosen as a standard to preheat the bed for all 

remaining adsorption runs. It was supposed that the engine exhaust temperature could 

be lowered to 100˚F in most regions of operation, but this would be exceeded in using air 

cooling in some climates. 

5.1.2 Adsorption of real exhaust 

The researchers were concerned that the adsorption performance found in the benchtop 

dry NO experiments was far lower than the performance suggested by previous research 

using engine exhaust. In particular, during initial experimental work at WVU using a 

Cummins natural gas engine, and a full-scale adsorber with carbon supplied by Sorbent 

Technologies, Inc., adsorption mass was an order of magnitude higher than for the 

benchtop experiments. At the conclusion of the benchtop experiments, to evaluate the 

difference between the dry NO (benchtop) and real exhaust NOx adsorption, a slipstream 
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of a Detroit Diesel Series 60 (diesel fuel) engine’s exhaust was cooled and drawn with a 

pump through the benchtop adsorber set at a temperature of 100ºF at a rate of 7 lpm.   

The diesel exhaust was used because no natural gas engine was installed in the test cell at 

the time of the experiment.  Concentrations of NOx in the diesel engine were sufficiently 

similar to concentrations in the lean-burn experimental engines used in the NOx 

decomposition campaigns.  The Detroit Diesel engine was set at a speed of 1200 rpm and 

load of 203 Nm to produce an average level of NOx on the order of 520 ppm.  The 

NO/NOx ratio for this engine was supposed to be approximately 95%. The adsorber 

completely adsorbed the NOx for approximately 6.5 hours before breakthrough began to 

occur.  The carbon bed continued to adsorb the NOx from the exhaust for a total of 14.3 

hours at which point in time the test was ended with 52 ppm out of 520 ppm of NOx 

breaking through the adsorber. A total of 3.67 grams of NOx was adsorbed onto 567 

grams of carbon during this run corresponding to 0.65% (3.67 g of NOx/567 g of 

carbon*100) mass percentage of NOx to arbon.  Figure 37 shows the adsorption data of 

the diesel engine exhaust compared to the bench test data. 

  

Figure 37.    Diesel exhaust adsorption. 
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A direct comparison of the benchtop dry NO adsorption and diesel exhaust NOx 

adsorption can be found in Figure 38. 

 

Figure 38.  Direct comparison of NO injected from a high pressure  

tank and diesel exhaust adsorption 

Using the breakthrough data for the diesel engine exhaust the following equation was 

generated to represent the break through curve:  Y= 0.7431X2 + 0.6833X (where X is time 

in hours and Y is the amount of NOx breakthrough in ppm).  Using this equation, if the 

bed were allowed to adsorb for 18.2 hours after breakthrough had occurred, 258 ppm of 

NOx would be passing through the bed, corresponding to about 50 percent efficiency.  

An additional 3.96 grams of NOx would be adsorbed after breakthrough had occurred.  A 

total of 5.66 grams of NOx would be adsorbed onto 567 grams of carbon corresponding to 

a 1% mass percentage of NOx to Carbon. While extrapolation of this kind is uncertain, the 

researchers believed that adsorption loadings of 1% were feasible for design 

considerations. This real exhaust research also spurred the adsorption measurement 

effort described in Secion 5.1.3 below. 
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5.1.3 Adsorption with added water 

From the data presented in the previous section, it can be seen that an actual exhaust 

stream adsorbed onto the carbon far longer than the simulated model.  The difference in 

the engine test data compared to the bench test data was suspected to be due to the 

presence of water vapor and/or oxygen in the engine exhaust stream, which could affect 

the adsorption capabilities of the sorbent material.  In order to investigate the cause of 

this difference, benchtop experiments were repeated, but the NO was passed through a 

water bubbler system to simulate the effects of moisture found in the exhaust stream. 

 

Figure 39.  Adsorption onto 567 grams of Calgon Carbon with and without water  

For a baseline run, NO was first injected through the carbon without added water at a 

rate of 7 lpm and a concentration of 510 ppm.  During this run, after a breakthrough time 

of approximately 90 minutes, a total of 0.476 grams of NO were adsorbed onto 567 grams 

of carbon corresponding to 0.084 weight percent of NO to carbon.  NO was next injected 

through a bubbler system at a rate of 5.5 lpm and concentration of 750 ppm.  During this 

second run with water vapor, a total of 0.55 grams of NOx were adsorbed onto 567 grams 

of carbon corresponding to 0.097 weight percent of NOx to carbon.  A comparison of the 

data with and without water vapor is shown below in Figure 39.  
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The presence of water vapor allowed for a slight increase in the mass of NOx adsorbed by 

the carbon, however, this slight increase does not explain the large difference between the 

dry bench test data and the diesel engine exhaust. 

5.1.4 Adsorption with added oxygen 

The next step taken to find the difference between adsorption of actual exhaust and the 

dry NO adsorption was to add oxygen to the NO during a benchtop experiment.  NO at a 

concentration of 3050 ppm was mixed with compressed air through a gas divider.  NO 

was the component set at 30% and compressed air was the balance set at 70%.  The 

carbon bed was filled 566 grams of Calgon Carbon and left at room temperature (80ºF).  

The bed was left at room temperature because there was not an available temperature 

controller at the time of testing.    

The entire run was broken up into six sections.  Data were logged as voltage: 

 0 - 4.92 volts corresponded to 0 – 3050 ppm NO 

The injection gave an output of 0.86 volts (530 ppm) to be adsorbed by the carbon: this 

input concentration remained constant during each section.  The only variable that 

changed during the sections was the flow-rate in order to accelerate the adsorption 

process.  The time and flow-rate for each section is shown in Table 24 below. 

Table 24.    NO mixed with compressed air adsorption 

Section 1 2 3 4 5 6 
Duration 1 hr 15 min 4 hr 45 min 4 hr 3 hr 7 hr 7 hr 40 min 

Flow-rate 
(lpm) 7 7.5 7 

7 to 14 half
way

through 13 13 

Near the end of Section 6 measurable breakthrough began to occur.  Section 6 was ended 

with 0.5% or 15.5 ppm breakthrough occurring.  A total of 10.93 grams of NOx was 

adsorbed onto 566 grams of carbon corresponding to 1.93 weight percent NOx to carbon 

at the start of break-through.  The data for the entire run, along with data without adding 

compressed air and data from the diesel exhaust tests, is shown in Figure 40. 
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Figure 40.  NO, NO mixed with compressed air, and diesel exhaust adsorption 

As can be seen for this test, the addition of oxygen (accomplished by mixing NO with 

compressed air) significantly extended the time to breakthrough between 15 and 20 times 

longer than the NO (balance nitrogen) tests, with a weight percent adsorbed increase of 

approximately 25 times.  If testing were continued until the concentration of NO breaking 

through was allowed to reach levels at which testing was stopped in the benchtop and 

diesel exhaust tests, even higher adsorbed mass levels would be achieved.  This data were 

comparable and slightly better than the diesel exhaust data, demonstrating the effect that 

the presence of oxygen has on adsorption. However, the reduced adsorption temperature 

of 80ºF would also improve adsorption.  Increases in the breakthrough time and adsorbed 

amounts compared to the diesel engine exhaust could also be due to different 

constituents found in the exhaust stream such as particulate matter and hydrocarbons 

also adsorbing onto the carbon.  

Figure 41 represents NOx weight that can be adsorbed onto the Calgon carbon material.  

Calgon Corporation stated that at 76ºF the carbon material is capable of adsorbing 

approximately 2 % of its weight in NOx [104]. Experimental tests conducted with a 

benchtop model using 566 g of activated carbon granules adsorbed 10.93 g of NOx at 
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80ºF. Adsorbed NOx weight was lower as the adsorbtion temperature was increased. At 

100ºF, 2.8 g of NOx was adsorbed into the carbon granules in the benchtop adsorber that 

contained 500 g of carbon. A similar reduction in NOx adsorbtion due to elevated 

temperatures was observed in experiments conduced by Sorbent Technologies, Inc. using 

similar type of activated carbon granules [90]. 
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Figure 41.    Amount of NOx adsorbed into carbon vs. bed temperature 

The difference between the adsorption of NO with and without oxygen present can be 

explained by the adsorption mechanism. The researchers reviewed physical chemistry 

research and a literature review published by Kong and Cha [110] that supports the 

present conclusions. It is likely that the NO is oxidized to NO2 as part of the adsorption 

process, and that this oxidation reaction is not possible when the balance of gas is 

nitrogen.  For lean-burn engines, oxygen would be available to facilitate the reaction. The 

researchers have discussed this issue in greater detail in reference [105].  
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Desorption Phase  

It was also desired to find the most practical and efficient desorption temperature for the 

carbon. The carbon bed was first adsorbed with 510 ppm of NO.  To simulate an exhaust 

flow, an inline heater was used to heat air entering the bed to a temperature of 800˚F.  The 

first desorption peak occurred at an inside bed temperature of 300˚F.  There was also a 

larger quantity of NO release centered around 450˚F. Temperatures above 450˚F had no 

effect on the release rate of NO. Clearly the desorption process is complex because it 

involves heat and mass transfer, as well as the desorption process itself. 

 

Figure 42.    Desorption runs at a varying inside bed temperature  

The greatest quantity of NO was released at a temperature of 450˚F. Temperatures below 

300˚F were unsatisfactory for NO desorption. These data may imply that there are two 

different types of NO bonding within the carbon, and it is not certain how the NO2 plays 

a role in the desorption dynamics. 
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5.2.1 Desorption of NO with added oxygen 

It was desirable to find the amount of NO which was converted to NO2 in the presence of 

oxygen as the mixture adsorbed onto the carbon surface.  The NO (balance air) 

adsorption run was followed by a desorption run, while measuring both NO and NO2 

concentrations exiting the carbon bed.  A flow rate of 7 lpm of ambient air was passed 

through the carbon bed at an inside bed temperature of 300°F.  The desorption continued 

for a period of 14 minutes at which point in time the test was stopped since too much 

moisture was exiting the bed in order to ensure a proper reading on the NOx analyzer.  

From the data obtained, however, it was found that approximately 54% of the NO 

injected was converted to NO2 as it adsorbed onto the carbon while 46% remained as NO. 

Dr. Mridul Gautam of West Virginia University suggested to the researchers that this 

level of NO2 may have saturated the catalytic NOx converter of the analyzer. If this is the 

case, the  NO2 fraction will have been underestimated. 
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6. System Model and Sizing 

6.1 Overview 

Present day stationary natural gas engines produce NOx levels in the range of 0.9 – 1.3 

g/bhp-hr. Therefore, to reach the ARES NOx target of 0.1 g/bhp-hr, a reduction of 88 – 

92% is required. The overall SNR system design and implementation on a stationary 

natural gas engine has two main aspects. 

The first is the feasibility of directing NOx-laden air into the engine for its decomposition. 

The objective is to achieve high NOx reduction from the engine with minimum engine 

modification. Possible options are discussed, along with benefits and drawbacks for each 

implementation, below. 

The second aspect of incorporating SNR into a production engine is the variability of the 

adsorption system configuration. The researchers considered one, two or three 

adsorption chamber setups, the system size with respect to the engine with which it is 

integrated, and auxiliary power requirements for the gas cooling system.  

6.2 Engine NOx decomposition options 

CHEMKIN modeling and experimental engine data discussed in this report showed that 

for NOx decomposition, the engine must be operated with a stoichiometric or slightly 

rich fuel mixture. However, stoichiometric operation implies high in-cylinder 

temperatures, leading to concerns over engine longevity and excessive NOx production. 

The solution is to combine the stoichiometric operation with the exhaust gas recirculation 

(EGR), to provide a combustible mixture that encourages NOx decomposition chemically, 

and is also at an acceptable temperature. The desired in-cylinder temperature must be 

low enough to discourage a high NOx equilibrium, but high enough to promote a fast 

rate of decomposition, as CHEMKIN model data have shown. The in-cylinder 

temperature must also not chellenge the materials of construction of the engine or reduce 

engine longevity. The basic system design must therefore allow for the addition of EGR 

while operating the engine at a stoichiometric setting, even though the engine would 
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normally operate with a lean mixture. It was noted that excessive EGR can lead to slow 

and incomplete combustion, with high carbon monoxide and hydrocarbon emissions [34].  

With mixer-equipped engines, the researchers assumed as a first approximation that the 

excess (i.e., in excess of the stoichiometric requirement) air in the intake should be 

replaced with exhaust gas. However, for very lean engines, where effects of full EGR 

replacement of excess air would be unacceptable, the intake must be throttled as well as 

augmented with exhaust gas during the decomposition. For engines with feedback 

control of air/fuel ratio, it would be necessary to intervene between the wide range 

oxygen sensor and controller to cause the controller to operate the engine 

stoichiometrically during the decomposition phase. This type of operation has already 

been demonstrated with the electronically managed Cummins L10G engine used in this 

research. 

The researchers also considered the option of running only one cylinder of the engine in 

stoichiometric mode, and returning all of the desorbed NOx to that cylinder. Table 25 

explains the proposed system configurations along with the benefits and challenges for 

each configuration.  
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Table 25.    Possible system configurations for engine NOx decomposition 

Benefits Challenges 

Return NOx stream to whole engine, during lean-burn operation 
No engine control intervention 
Simple plumbing for adsorber hookup 

Need to operate at low speed, high load 
for high percent decomposition, or large 
adsorbers with high recycle are needed 
Need to desorb rapidly to maintain NOx 
concentration in intake 

Return NOx stream to whole engine, during 
intermittent stoichiometric burn operation 

The same fueling control is applied to the 
whole engine 
A wide operating range is possible for 
adequate NOx decomposition 
It is readily implemented on most 
electronically controlled engines 
A reducing catalyst could be used for 
additional NOx cleanup 
 

Affects turbochargers because mass flow 
must be reduced 
Concern over engine thermal management 
and knock 
Transient  may occur during changeover 
from lean-burn 
Complex controls and fueling on mixer-
type engines 
Need to desorb rapidly to maintain NOx 
concentration in intake 
Intermittent loss of thermal efficiency 

Return NOx stream to one cylinder, during lean-burn operation 

Concentration of NOx in-cylinder aids 
rapid decomposition 
 
 

Need to operate at low speed, high load 
for high percent decomposition, or large 
adsorbers with high recycle are needed 
Need to raise desorbed stream to intake 
runner pressure 

Return NOx stream to whole engine, during  
intermittent stoichiometric burn with EGR operation 

The same control is applied to the whole 
engine 
A reasonable  operating range is possible 
for adequate NOx decomposition 
If EGR replaces excess air, control of 
mixer-type engines is simplified 
Reducing catalyst could be used for 
additional NOx cleanup 

Transient may occur during changeover 
from lean-burn to stoichiometric burn  
EGR mass must match desorption 
requirements 
Plumbing can be more complex  

Return NOx stream to one cylinder, during intermittent stoichiometric burn operation 
A wide operating range is possible for 
adequate NOx decomposition 
Concentration of NOx in target cylinder 
aids decomposition 
Total engine flow changes little, few 

Engine alteration required to separate one 
cylinder, ie. separate intake runner  
Concern over engine thermal management 
on one cylinder 
More complex controls and fueling on 
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transient concerns 
Small effect on thermal efficiency 

mixer-type engines 

Return NOx stream to one cylinder, during  
intermittent stoichiometric burn with EGR operation 

A reasonable operating range is possible 
for adequate NOx decomposition 
Concentration of NOx in target cylinder 
aids decomposition 
Total engine flow changes little, few 
transient concerns 
Small effect on thermal efficiency 

Engine alteration required to separate one 
cylinder 
More complex controls and fueling on 
mixer-type engines 

6.2.1 Single Adsorber NOx Reduction 

The baseline NOx and decomposition values were directed into a NOx adsorption and 

desorption phase model which was based on the current experimental NOx saturation 

condition of the adsorber.  

Assumptions for a single adsorber case were as follows: 

• Exhaust gas from engine is normally directed to an adsorber 

• Engine baseline NOx mass emissions are constant 

• During the desorption period the major portion of exhaust gas from engine 
bypasses the adsorber into the atmosphere in a single adsorber system 

• EGR carries NOx for decomposition 

• EGR% is constant during decomposition 

• Engine baseline NOx emissions are constant for a given operating point: NOxm&  

• Adsorber adsorbs NOx at 100°F at an instantaneous constant efficiency: ηa 

• Adsorber desorbs NOx at 300°F at a mass rate of dm&  

• Desorption efficiency: ηd  

• Mass of NOx in the adsorber at any time: ma 

Consider a cycle of adsorption followed by desorption where: 

  ta – adsorption time in seconds 
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  td – desorption time in seconds 

From these assumptions, it can be deduced that NOx released to the stack after 

adsorption is: 

  outm&  = em& * ηa        (26)  

NOx mass stored in the adsorber is: 

   ms = ( em& - outm& ) ta       (27) 

During the desorption period, mass rate of NOx released from the adsorber is: 

  dm&  = (ms - ma)( ηd / td)      (28) 

If the total mass flow of the exhaust is Tem& , then the mass concentration of NOx in 

exhaust is: 

 
Te

e
e m

m
C

&

&
=                (29) 

Assuming the total mass flow of the desorption gas Tdm& , is related to Tem&  by the fraction 

of EGR%, then the concentration of NOx in the desorption gas is: 

Te

d
d mEGR

mC
&

&

*%
=                 (30) 

The total engine exhaust total flow Tem&  is virtually identical to the total mass flow into the 

engine. Blowby losses are typically 1% by mass. Hence, if during desorption the desorbed 

stream is directed to the engine intake, then the concentration of NOx in the intake 

(assuming no background NOx) is given by: 

  
te

d
i m

mC
&

&
=                     (31) 



 90

As an example, consider the following operating point, for the case of a 10 liter engine: 

 Engine speed  = 800 rpm 

 Engine load  = 350 ft-lb 

 External EGR = 0% 

 λ   = 0.98 

 

Consider the following adsorber characteristics: 

 Adsorption efficiency = 80% 

 Adsorber adsorbs NOx at 100°F for 4 hours 

 Desorbs NOx at  450°F for 1 hour 

 Engine NOx decomposition = 90% 

 During desorption engine would operate slightly rich producing 0.11 g/s NOx 

The outputs for these conditions are: 

 Baseline engine NOx rate (lean-burn) = 0.063 g/s 

 NOx output rate after adsorber = 0.025 g/s after 4 hours 

 Averaged NOx out into atmosphere = 0.033 g/s 

Therefore, the model illustrates a total NOx reduction of 49% for using a single adsorber 

system for a given operating point (Figure 43).  
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Figure 43.   An example run on the overall NOx reduction capability of a SNR system 

The model was extended to simulate NOx reduction when two NOx adsorbers were 

utilized where one operated in adsorbtion mode while the other in desorption mode. The 

modeling criteria are shown below in Section 6.3 of this report. With a twin adsorber 

system the average NOx reduction was over 85%.  

6.3 Adsorber design configuration   

The adsorption should take place from exhaust gas that has passed through a heat 

exchanger to reduce the temperature and a demister to remove condensed water. The loe 

carbon  to hydrogen ratio of natural gas causes the water level to be higher in natural gas 

engines than in petroleum-fueled engines. Desorption was considered using a slipstream 

of hot exhaust gas to minimize energy demands, or by heat exchange with hot exhaust 

gas.  

The sorbent chamber design must consider the heating and cooling rates for the bed at 

the time that desorption and adsorption phases (respectively) are initiated. If the thermal 

inertia of the bed prevents rapid heating, the desorbed stream may be low in NOx 

concentration, leading to poor decomposition rates in the engine. The design must 

consider a cycle of four modes, namely adsorption, heating, desorption and cooling. In a 



 92

twin or triple adsorber system, adequate time is available for heating, desorption and 

cooling phases between the adsorption phases. Also, there is freedom in determining the 

cycle time of the adsorbers, which determines adsorber size and heating/cooling 

behavior. 
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6.4 SNR arrangement  

A most likely arrangement for an SNR application is shown in Figure 44. The system uses 

one of two NOx adsorbers to collect a substantial fraction of the NOx onto the sorbent 

material by first cooling the engine exhaust gas. Once the adsorber is saturated (which 

may be determined by breakthrough measurement using sensor inputs or a conservative 

model), the desorption process recirculates a concentrated stream of NOx into a NOx 

decomposition system that facilitates thermal NOx decomposition. Figure 44 shows a 

schematic of an adsorber SNR aftertreatment system, operating in an adsorption mode, 

coupled to a lean-burn engine. A control valve (V3) in the figure is used to direct the 

cooled exhaust stream one of the two NOx chambers. A closed loop gas circulating 

system can be added to increase the concentration of the desorbed gas, but is not shown 

in Figure 43.   
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system

NOx 
sensor 1

NOx 
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Stack
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Figure 44.    Single adsorber SNR system in adsorption mode 

A portion of the hot exhaust gas from the engine is used to heat the sorbent bed to initiate 

the desorption process. Therefore, it is necessary to conduct a mass and heat demand 

analysis on the adsorber system. It was of concern to the researchers that, for a given 

sorbent, a high emissions engine may produce a full sorbent load of NOx in a shorter 

time than it would take to produce the available exhaust energy needed to heat the bed 

for desorption, but analysis showed that adequate exhaust energy was available for 
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desorption for the case of a Cummins QSV91 engine or a Wauhesha APG1000 engine 

[105].  

6.5 Technical and economic analysis 

The basis for this analysis is the exhaust flow from a Cummins L10G natural gas engine 

with the following exhaust gas properties: 

Flow of gas = 355 scfm = 7.4795 mol/s = 0.2095 kg/s 

NOx loading = 1060 ppm 

Gas exhaust temperature  = 1100°F (593.3°C) 

Power = 240 hp (186 kW) 

From the adsorption data presented above and in reference  [105], a conservative estimate 

for the average loading for NO2 on carbon was taken to be 0.5 wt%. 

The design of the absorber should be based on either a cycle time length criterion or on a 

bed pressure drop criterion.  Both of these approaches are given below to determine the 

limiting condition.  

Cycle time criterion 

Assuming a cycle time of 8 hours for adsorption using a flow of 355 scfm with a loading 

of 1060 ppm (NO2 equivalent), the required amount of carbon per absorber is 

6(.2095)(8)(60)(60)(1060 10 )Required amount of carbon = 1,279kg
(0.005)

−×
=   (32) 

The bulk density of activated carbon = 560 kg/m3 

Volume of activated carbon = (1,279)/(560) = 2.284 m3     (33) 

Assuming a length/diameter ratio of the adsorption bed of 3 
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3
4 (2.284)Diameter of Carbon bed = 0.99m

(3)
Length of Bed =(0.975)(3) 2.97 m

=
π

=

     (34) 

Bed Pressure Drop Criterion 

When absorbing the exhaust gas, the total flow rate of gas (less a small slip stream of by-

pass gas used for regeneration) must pass through the bed.  The pressure drop may be 

estimated using the Ergun equation: 

Exhaust gas through packed carbon bed 

0.2095kg/sm =&  

Properties of exhaust gas at T ≅ 50°C are 

ρ = 1.0012 kg/m3  

µ = 17.7×10-6 kg/m.s  

CSA of bed = πD2/4 = π(0.99)2/4 = 0.769m2                                                                                              (35) 

Superficial gas velocity through the bed, 
1 (0.2095) 1 0.272m/s

(1.0012) (0.769)o
mu

A
= = =
ρ
&

(36) 

Using Ergun’s equation [106], one finds that  

22
0

2 3 3
150 1.75(1 ) (1 )o

bed
pp

u uP
dd

µ ρ− ε − ε
∆ = +

ε ε
                                                                        (37) 

6 2 2

2 3 3
(150)(17.7 10 )(0.272) (1 0.5) 1.75(1.0012)(0.272) (1 0.5) 246 Pa/m

(0.0037)(0.0037) 0.5 0.5
bedP
L

−∆ × − −
= + =  

 (246)(2.97) 730Pa (0.11 psi)bedP∆ = =  (38) 
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The pressure drop value lies within the boundaries prescribed by Calgon Carbon Corp. 

for their granular carbon and is not excessive for this cycle time (Figure 44). Therefore, the 

use of an 8 hour cycle time is taken as the basis for the remaining analysis. 
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Figure 45.    Pressure drop for chamber dimension of Length 2.97 m and diameter 0.99 m  

The carbon lifetime is expected to consist of 1000 adsorbtion desorption cycles. Therefore, 

for the calculated chamber dimension each cycle would last 16 hours where 8 hours 

dedicated to adsorbtion, 4 hours to heat the carbon material, 2 hours for the desorption 

phase and 2 hours to cool down to ambient temperature.    

Pressure drop for given 

chamber dimensions 
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Adsorption Cycle 

During the adsorption cycle, the exhaust gas is cooled to approximately 120°F (48.9°C) 

using air at a temperature of 108°F (40°C).  The temperature-enthalpy diagram for this 

heat exchanger is shown in Figure 46. 

 

 

Figure 46.  Temperature-enthalpy diagram for exhaust gas exchanger 

For this exchanger, the log-mean temperature difference (LMTD) is given by  

o(593.3 60) (48.9 40) 128.1(593.3 60)ln
(48.9 40)

lmT C− − −
∆ = =

−
−

       (39) 

An overall energy balance gives 

(0.2095)(1084)(593.3 48.9) 6.14 kg/s
(1005)(60 40)

p p

p

p

MC T mc t

MC T
m

c t

∆ = ∆

∆ −
= = =

∆ −

& &

&
&

    (40) 

For this exchanger, assume a fin-fan exchanger in which the exhaust gas flows through 

the inside tubes and the cooling air stream flows on the outside of the tubes (on the shell 

side).   
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The correction factor (F) for the LMTD is found as F = f(P,R), where 

2 1

1 1

(6.14)(1005) 27.2
(0.2095)(1084)

(60 40) 0.0355
(593.3 40)

p

p

mc
R

MC

t tP
T t

= = =

− −
= = =

− −

&

&
           (41) 

For a cross flow exchanger using these values of P and R, Levenspiel [106] gives F = 0.95 

The duty for the heat exchanger is 444.9 MJ/h (123.6 kW) 

To estimate the overall heat transfer coefficient a trial and error calculation must be used.  

The results for this calculation are presented below: 

Based on the bare outside tube area, the overall heat transfer coefficient = 14.56 W/m2K= 

(2.564 BTU/hr/ft2/°F) 

Heat exchanger area = 2(123,600) 66.3m
(14.56)(128.1)(0.95)o

o lm

QA
U T F

= = =
∆

  (42) 

Assume that the exchanger is made from 1” OD .14 BWG tubes 20 ft in length 

Outside area per tube = πDoL = π(20)(1/12) = 5.236 ft2 (0.4864 m2)   (43) 

Number of tubes required = (66.3)/(0.4864) = 136     (44) 

Arrangement is 4 parallel rows of tubes stacked vertically with 136/4 = 34 tubes per row 

Using a 2 5/16” (0.05874 m) pitch, width of a tube bank = (34)(0.05874) = 2.0m (45) 

CSA of bank = (2.0)(20)(.3048) = 12.2 m2      (46) 

Approx. CSA for air flow = 12.2 – (34)(0.0254)(20)(0.3048) = 6.94 m2  (47) 

Density of ambient air = 1.094 kg/m3 

Approx. face velocity of air = (6.14)/(1.094)/(6.94) = 0.809 m/s (2.65 ft/s)  (48) 
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Required power for fans = (12.5)(12.2)/(100)/(.3048)2 = 16.4 hp (12.2 kW)  (49) 

(based on 12.5 hp/100 ft2) 

Use 3 fans (F-101A/B/C) each with a rating of 5.5 hP (4.1 kW) 

Check overall heat transfer coefficient 

Inside tubes 

CSA for flow = n 2 2 2/ 4 (136) (0.021184) / 4 0.04793 mt in Dπ = π =     (50) 

average density = 0.698 kg/m3 

average velocity inside tubes = (0.2095)/(0.698)/(0.04793) = 6.26 m/s  (51) 

average viscosity = 27.66×10-6 kg/m/s 

6

0.8 0.33 0.8 0.33

2

(0.698)(6.26)(0.02118)Re 3,346
(27.66 10 )

0.023Re Pr (0.023)(3,346) (0.716) 13.6
0.0447513.6 28.7 W/m K
0.02118i

i

vD

Nu
kh Nu
D

−
ρ

= = =
µ ×

= = =

= = =

   (52) 

Outside Tubes 

Fin diameter = 0.0572 m 

Number of fins = 10 per inch = 394 per m 

Tube pitch = 0.0587 m 

Deq = 0.0098 m 
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6

0.6 0.33 0.8 0.33

2

(1.094)(0.81)(0.0098)Re 444
(19.54 10 )

0.4Re Pr (0.4)(444) (0.693) 13.7
0.0282213.7 39.6 W/m K
0.0098

eq

o
o

vD

Nu
kh Nu

D

−

ρ
= = =

µ ×

= = =

= = =

    (53) 

Combining heat transfer resistances, one finds that 

2

1 1 (.0254) (0.00211) 1 0.06702
(0.02118)(28.7) (50) (39.7)

14.9 W/m K

o wall

o i i wall o

o

D t
U D h k U

U

= + + = + + =

=

  (54) 

This is sufficiently close to the assumed value of 14. 6 W/m2K to accept the calculations. 

Exchanger Design Summary 

A summary of the exhaust gas exchanger layout is given in Figure 47. 

 

Figure 47.  Illustration of the tube and fan layout for the exhaust gas exchanger 

Pressure Drop measurements 

Exhaust gas through packed carbon bed 

From Equation (38) we have 

(246)(2.97) 730Pa (0.11 psi)bedP∆ = =       (55) 
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Exhaust gas through tubes 

Re = 3,346 

f = 0.01 (assume a smooth tube in turbulent flow – a conservative estimate) 

2 2 (6.096)2 (2)(0.01)(0.698)(6.26) 157Pa (0.023 psi)
(0.02118)f

LP f v
D

∆ = ρ = =   (56) 

Thus the total pressure drop through the bed and exchanger is 887 kPa (0.133 psi).  A 

summary of the conditions for the exhaust gas cooling and adsorption process are given 

in Figure 48. 

 

Figure 48.  Illustration of conditions during the NOx adsorption cycle 

Regeneration/Desorption Cycle 

During the desorption cycle, in this design, the bed was assumed to be heated from 

48.3°C to 204°C (400°F) using heated air rather than an exhaust gas slipstream. This 

approach allows the delivery of substantial energy to the bed without a high gas 

throughout. A high gas throughput would yield a low NOx concentration in the 

F 101A/B/C 
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desorbed gases, and would limit NOx decomposition in the engine. In order to increase 

the concentration of the NOx in the discharge gas (hot air containing NOx), the air stream 

is circulated in a closed loop.  The layout and important process conditions for the 

desorption step are illustrated in Figure 49. 

It is assumed that the air moves through the packed bed in a flat front and therefore the 

exit temperature will be at the initial bed temperature of 48.3°C. This assumption will be 

checked.  In addition, the heating of the gas in the compressor is taken into account and is 

evaluated after a pressure balance is established for the flow loop.  A slipstream of 

exhaust gas is used as the heating medium for the circulating air.  In the previous 

calculation for the exhaust gas cooler the full exhaust stream was used. The lower duty in 

the exhaust cooler caused by the use of a slipstream will be ignored and thus the exhaust 

gas cooler will be slightly oversized. 

 

 

Figure 49.  Process conditions for the carbon regeneration and NOx desorption process 

As a preliminary estimate, assume that the temperature increase in the compressor is 

negligible.  Therefore, for this exchanger, the log-mean temperature difference (LMTD) is 

given by  

o(593.3 204) (100 48.9) 166.6(593.3 204)ln
(100 48.9)

lmT C− − −
∆ = =

−
−

     (57) 

V-101B 
E-102 

C-101 
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An overall energy balance gives 

, (1279)(709)(204 48.3) 141.2MJtot carb p carb carbQ M C T= ∆ = − =    (58) 

where Qtot is the total energy to cool the carbon bed assuming that the exit gas leaves at 

the initial bed temperature of 48.3°C. Assuming a 4-hour heat up period, the required rate 

of heat transfer is 

6141.2 10 9.80kW
(4)(60)(60)

totQQ
time

×
= = =&        (59) 

An overall energy balance gives: 

(9,800) 0.0626 kg/s
(1005)(204 48.3)

(9,800) 0.0190 kg/s
(1070)(583.3 100)

p p

p

p

MC T mc t Q

Qm
c t

QM
c t

∆ = ∆ =

= = =
∆ −

= = =
∆ −

&& &

&
&

&
&

     (60) 

The circulating air flow rate is 0.0626 kg/s while the exhaust gas slip steam is 0.0190 kg/s 

or 9.0 % of the exhaust gas flow rate. 

For this exchanger, assume a double-pipe design, with counter current flow 

Assume a 2” Sch 10 pipe inside a 4” Sch 10 pipe, therefore 

Di,in = 2.157 inch = 0.05478 m 

Di,o = 2.375 inch = 0.06033 m 

Do in = 4.26 inch = 0.1082 m 

Do,o = 4.5 inch =  0.1143 m 

Do,eq = (Do in – Di,o) = 0.04787 m 

Flow areas for inside and annular side are, 
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2 2 2
,

2 2 2 2 2
, ,

(0.05478) 0.002357 m
4 4

( ) (0.1082 0.06033 ) 0.006336 m
4 4

in i in

out o o i o

A D

A D D

π π
= = =

π π
= − = − =

   (61)  

Heat Transfer Coefficients 

Inside coefficient – circulating air inside tubes 

Assume that there are 2 banks of double pipe tubes operating in parallel 

3

0.0626kg/s

0.9109 kg/m
(0.0626) 14.68m/s

(0.9048)(2)(0.002357)
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= = =
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(0.9048)(14.68)(0.05478)Re = 37,300
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   (62) 

Outside Coefficient – exhaust gas slipstream through annulus 

3

,
6

0.8 0.33 0.8 0.33

0.0190kg/s

0.698 kg/m

(0.0190) 2.14m/s
(0.698)(2)(0.006336)
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(27.66 10 )

0.023Re Pr (0.023)(2,590) (0.716) 11.08
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= =
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,
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   (63) 

Overall Coefficient 
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,

2

1 1 (.06033) (0.002775) 1 0.1166
(0.05478)(55.1) (50) (10.35)

8.57 W/m K

i o wall

o i i wall o

o

D t
U D h k U

U

= + + = + + =

=

 (64) 

Overall heat transfer coefficient = 8.57 W/m2K= (1.53 BTU/hr/ft2/°F) 

(based on outside tube area) 

Heat exchanger area = 2(9,800) 6.86m
(8.57)(166.6)(1)o

o lm

QA
U T F

= = =
∆

   (65) 

Length of tubes, 
,

(6.86)(2) 18.1 m
(4)( )(.06033)

o

tubes i o

AL
n D

= = =
π π

(6 - 10 ft pipes)  (66) 

Exchanger Design Summary – multiple pipe arrangement 

In summary, the exchanger for the regeneration of the carbon bed consists of two parallel 

banks of six, 10 ft length pipes using two inch schedule 10 pipes for the inside and four 

inch schedule 10 pipes for outside. Circulating air flows inside the two inch diameter 

pipes and the exhaust gas will flow on outside in the annulus formed between two inch 

and four inch diameter pipes. The arrangement for this exchanger showing the flow of 

the circulating, regenerating gas stream is illustrated in Figure 50. 
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Figure 50.  Layout of the regeneration exchanger (E-102) showing the flow of the regenerating air. 

The exhaust gas flows in the annulus between the 2” and 4” pipes but is not shown in this figure 

Concentration of Desorbed NOx 

The purpose of the circulating desorbing air stream is to concentrate the NOx.  The 

volume of air is a function of the volume of the circulation loop consisting of the blower, 

carbon bed, multiple pipe exchanger, and associated piping.   

The total amount of NOx adsorbed on the carbon bed during the 8-hour adsorption cycle 

is given by 

6NOx absorbed = (.2095)(8)(60)(60)(1060 10 ) 6.40kg
6.40NOx absorbed = 0.1390kmol 139mol
46

−× =

= =
    (67) 

Volume of carbon = 2.284 m3 

Assume that the volume of the circulating air loop is X times the volume of carbon in the 

bed. 

Concentration of NOx in the circulating, desorbing gas after an 8-hour cycle is 

(139)(22.4) 1.3632
(2.284) (1000) (139)(22.4) 1.3632xNOC

X X
= =

+ +
    (68) 
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The resulting end-of-cycle concentrations of NOx in the regenerating air stream as a 

function of the volume of regenerating gas is shown in Table 26. 

Table 26.  Concentration of NOx in the regenerating air stream at the end of the cycle as a function 

of the volume of recirculating gas expressed as X, ratio of the gas volume to the volume of carbon 

in the bed 

CNOx 57.7% 40.5% 21.4% 12.0% 
X 1 2 5 10 

A volume of circulating gas equal to approximately 11.4 m3 (or five times the volume of 

carbon in a single absorber) gives rise to a NOx concentration of approximately 21.4% at 

the end of the desorption cycle. To take account of the increase in volume of circulating 

gas, due to the increase in the number of moles, a purge stream of approximately 20% by 

volume is required over the course of the cycle. Alternatively, without purging, the 

pressure in the recicrculating loop increases by approximately 20% (or ~3 psi).  

Pressure drops for regeneration cycle 

In order to evaluate the size of the circulating air compressor (blower), an estimate of the 

associated pressure drops around the loop must be made.  These are itemized below: 

Circulating air through carbon bed 

The flowrate of circulating air through the bed during regeneration was given previously 

as 0.0626 kg/s.   

The superficial gas velocity through the bed is found as follows 

2
(0.0626)(4) 0.0893 m/s

(0.9109) (0.99)o
mu
A

= = =
ρ π

&
      (69) 

Using Ergun’s equation we get 

22
0

2 3 3
150 1.75(1 ) (1 )o

bed
pp

u uP
dd

µ ρ− ε − ε
∆ = +

ε ε
      (70) 
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6 2 2

2 3 3
(150)(19.5 10 )(0.0893) (1 0.5) 1.75(0.9048)(0.0893) (1 0.5) 52 Pa/m

(0.0037)(0.0037) 0.5 0.5
bedP
L

−∆ × − −
= + =  

(52)(2.97) 154Pa (0.022 psi)bedP∆ = =       (71) 

Circulating air through exchanger 

The circulating air is split evenly through the two parallel tube banks each of which 

contains approximately 60 ft of 2” sch 10 pipe with 5 – 180°elbows.   

Equivalent L/D of tube bank is (60)(0.3048)/(0.05478) + (5)(75) = 709  (72) 

Re = 37,300 

Absolute roughness of drawn tubing, ε = 0.0015 mm 

ε/D = 1.5×10-6/0.05478 = 2.74×10-5       (73) 

The friction factor is given by: 

0.90.9 51 / 6.81 2.74 10 6.814log 4log 13.43
3.7 Re 3.7 37,300

0.00555

D
f

f

−⎧ ⎫⎧ ⎫ε × ⎡ ⎤⎪ ⎪ ⎪ ⎪⎡ ⎤= − + = − + =⎨ ⎬ ⎨ ⎬⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎩ ⎭
=

 (74) 

The frictional pressure drop is given as 

2 22 (2)(0.00555)(0.9109)(14.68) (709) 1543 Pa (0.22 psi)eq
f

L
P f v

D
−∆ = ρ = =  (75) 

Circulating air compressor 

, , , ,
(154 1543)(25% of loop) 2,263 Pa

(0.75)f loop f bed f exchanger f pipingP P P P +
∆ = ∆ + ∆ + ∆ = = (76) 

For adiabatic compression, assuming an efficiency of 60%, we have 
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( 1) /
1 2

1
1 and

( )( 1)

k k
theor

theor act
comp

mwRT Pw W
mw k P

−⎡ ⎤⎛ ⎞⎢ ⎥− = − =⎜ ⎟− ε⎢ ⎥⎝ ⎠⎣ ⎦

&&    (77) 

(1.4 1) /1.43

3
(8.314)(273.2 48.3) 101.3 10 2263 1 1454 J/kg

(0.0291)(1.4 1) 101.3 10

(0.0626)(1454) 151W
(0.6)

theor

theor
act

comp

w

mwW

−⎡ ⎤⎛ ⎞+ × +⎢ ⎥− = − =⎜ ⎟⎜ ⎟⎢ ⎥− ×⎝ ⎠⎣ ⎦

= = =
ε
&&

 (78) 

In practice, a small blower capable of moving 0.0626 kg/s (140 scfm) across a pressure 

drop of 2,263 Pa (0.33 psi) should be used. 

Exhaust gas through exchanger 

Re = 2,590 (transition flow) 

Leq/Dh = (60)(0.3048)/(0.04787) + (5)(75) = 757     (79) 

For laminar flow 

2 2162 2(0.698) (2.14) (757) 30Pa
2590f

h

LP fv
D

−∆ = ρ = =     (80) 

For Turbulent Flow 

0.90.9 61 / 6.81 1 10 6.814log 4log 9.286
3.7 Re (3.7)(0.04787) 2,590

0.01077

D
f

f

−⎧ ⎫⎧ ⎫ε × ⎡ ⎤⎪ ⎪ ⎪ ⎪⎡ ⎤= − + = − + =⎨ ⎬ ⎨ ⎬⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎩ ⎭
=

 (81) 

2 22 2(0.698)(0.01077)(2.14) (757) 52Paf
h

LP fv
D

−∆ = ρ = =    (82) 

Using the turbulent flow relationship (conservative) the friction pressure drop for the 

exhaust gas slip stream is 52 Pa, which is negligible. 
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Bed Cooling 

The beds are cooled from their regeneration temperature (400°F or 204°C) to their 

operating temperature (~100°F or 40°C) using a stream of ambient air at 40°C.  Since all 

the NOx that can be desorbed will have been removed during the desorption cycle, the 

hot air stream leaving the bed may be safely vented to atmosphere. Alternatively, this air 

stream could be rerouted to the engine inlet and used as combustion air, with little effect 

on engine operation.  The cooling cycle is chosen as two hours, which will leave a two 

hour window for the bed to sit prior to starting the adsorption cycle again. The required 

mass flow rate of air will be twice that used in the desorption cycle, namely (2)(0.0626) = 

0.1252 kg/s. This will give rise to a pressure drop of approximately (4)(154) = 616 Pa (0.09 

psi) through the bed.   

A check on the sizing of the compressor was performed: 

, , , (25% of loop) 616 525 1141 Paf loop f bed f pipingP P P∆ = ∆ + ∆ = + =   (83) 

For adiabatic compression, assuming an efficiency of 60%, one finds that 

( 1) /
1 2

1
1 and

( )( 1)

k k
theor

theor act
comp

mwRT Pw W
mw k P

−⎡ ⎤⎛ ⎞⎢ ⎥− = − =⎜ ⎟− ε⎢ ⎥⎝ ⎠⎣ ⎦

&&    (84) 

(1.4 1) /1.43

3
(8.314)(273.2 48.3) 101.3 10 1,141 1 736 J/kg

(0.0291)(1.4 1) 101.3 10

(0.1252)(736) 154 W
(0.6)

theor

theor
act

comp

w

mwW

−⎡ ⎤⎛ ⎞+ × +⎢ ⎥− = − =⎜ ⎟⎜ ⎟⎢ ⎥− ×⎝ ⎠⎣ ⎦

= = =
ε
&&

 (85) 

This is essentially the same as for the circulating air flow for the regeneration case.  For 

this case the flow is approximately 280 scfm. 
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Summary of Equipment Specifications for Adsorption and Desorption Cycle 

The equipment used to adsorb the NOx and to regenerate the carbon beds is shown in  

Table 27  below. 

Table 27.    Equipment specifications for NOx adsorption and carbon regeneration process 

Equipment 
No. 

Description Capacity/Dimensions* Number of 
Units 
Required 

E-101 Exhaust gas heat 
exchanger 

Area (bare tubes) = 66.3 m2 (714 
ft2) 
Air-cooled, fin-fan, cross-flow 
exchanger 

1 

E-102 Regeneration heat 
exchanger 

Area (bare tubes) = 6.86 m2 (74 ft2) 
Double-pipe exchanger 

1 

C-101A/B 
(include 1 
spare) 

Blower for 
regeneration and 
bed cooling 

Capacity = 280 scfm bare module  
Pressure drop = 2263 PA (0.33 psi) 

2 

V-101A/B Vessels for carbon 
adsorption beds 

Vessel Diameter = 0.99 m (3.2 ft)  
Vessel height = = 2.97 m (9.6 ft) 

2 

F-101A/B/C Fan for E-101 4.1 kW (5.5 hP) 3 

Economic Analysis 

In order to evaluate the effective cost of using an activated carbon adsorption system, 

capital costs, utilities, operating labor, and raw material costs must be estimated.  The 

“one time” costs associated with the purchase of the equipment can be amortized and 

combined with the other operating costs in order to establish an equivalent annual 

operating cost (EAOC).  The interest rate used for these calculations is 8% (before tax) and 

the lifetime used for this economic evaluation is 10 years. 

• Due to presence of condensate and NOx, all equipment is designed using 304 

stainless steel (SS), which has acceptable resistance to weak nitric acid solutions (<10%) 

(Turton et al, [107]) 

Two base cases are presented for the design calculations given above.  These base cases 

represent different operating philosophies for the adsorption and regeneration process.  

Base Case 1 is presented based on a conservative estimate of operation, which is typical of 
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the chemical processing industry, and represents a high cost of operation.  The key 

assumptions for this case are listed below: 

• All equipment is made of stainless steel to minimize corrosion 

• Additional manpower to operate the regeneration unit is estimated at ½ an 

operator per shift 

• Maintenance costs are estimated at 5% of the fixed capital costs 

Base Case 2 is presented based on a philosophy of minimizing costs, which is consistent 

with the automotive industry approach. The key assumptions for this case are listed 

below: 

• All equipment is made of carbon steel (CS) 

• Additional manpower to operate the regeneration unit is estimated at 5 hr per 

week 

• Maintenance costs are estimated at 1% of the fixed capital costs 

Clearly the equivalent annual operating cost for Base Case 2 will be significantly lower 

than for Base Case 1 and these two cases represent reasonable upper and lower bounds 

for the economics of this operation. 

Base Case 1 

Capital Cost Estimation 

The capital cost estimation technique used here is based on the equipment module costing 

technique, which is a common technique to estimate the cost of chemical plants.  This 

technique is generally accepted as the best for making preliminary cost estimates and is 

based on the approach, introduced by Guthrie [108, 109] in the late 1960’s and early 

1970’s. The purchased costs for all equipment are obtained using the data from Turton et 

al. [107]   This costing technique relates all costs back to the purchased cost of equipment 
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evaluated for some base conditions.  Deviations from these base conditions are handled 

by using multiplying factors that depend on the following: 

 a. the specific equipment type, 

 b. the specific system pressure, and 

 c. the specific materials of construction. 

The results for the equipment shown in Table 27 and are given in Table 28. 

Table 28.    Purchased and Bare Module Costs for Equipment: Table 27 

Equipment 
No. 

Description MOC C0p* 
($1,000) 

CBM 
($1,000) 

E-101 Exhaust gas heat 
exchanger 

SS 51.1 230.0 

E-102 Regeneration heat 
exchanger 

SS 4.2 25.1 

C-101 Blower for 
regeneration and 
bed cooling 

SS 8.4 55.3 

V-101A/B Vessels for carbon 
adsorption beds 

SS 11.2 88.6 

F-
101A/B/C 

Fan for E-101 CS 16.2 66.8 

Total 91.1 465.8 

  *C0p is the purchased cost for the equipment at the base conditions of carbon steel 

The capital investment required to buy and install this equipment is given by the bare 

module cost, CBM. If the initial cost of the carbon (approx $5,200 at $2.20/kg) is added to 

this, the initial investment is given as $471,000. 

Utility and Carbon Replacement Costs 

The utility costs required to run the carbon adsorption and regeneration equipment are 

minimal and consist of the electric utilities to run the fans (F-101A/B/C) for the air cooler 

and the blower (C-101) for the circulating regeneration air stream.  

Power for F-101A/B/C = 12.3 kW 
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Power for C-101 (assume a 60% efficiency) = 0.13 kW  

Total power = 12.43 kW 

Cost of electricity = $0.06/kWh 

Annual cost (assuming 8,000 hours per operating year) = (12.43)(8000)(0.06) = $5,700/yr 

Replacement cost of carbon is estimated on a carbon lifetime of 1,000 cycles. Each cycle 

lasts 16 hours, so the average life time of the carbon = 16,000 hr or 2 years.  Therefore, the 

equivalent of 1 bed of carbon must be replaced per year. 

Cost of carbon replacement = (1,224 kg)(2.2 $/kg) = $2,690/yr 

Total utility and carbon replacement cost = $5,700/yr + $2,690/yr = $8,590/yr 

Operating Labor Costs 

Assume that the maintenance of the rotating equipment used in the carbon 

adsorption/regeneration process will require an increment of ½ a person per shift.  Based 

on an 8-hour shift, 1 person per shift is equivalent to 4.5 additional operators [107]. 

Further assuming a wage rate of $50,000/yr (including benefits, etc.), the annual cost of 

operating labor is (2.25)($50,000) = $112,500/yr 

Maintenance Costs 

Assume that the cost of maintenance supplies is 5% of the initial capital investment [107]. 

This gives an annual maintenance cost of (0.05)($466,300) = $23,300/y 

Equivalent Annual Operating Cost (EAOC) 

The EAOC for the current project is given as follows: 

[ / , , ]UT OL MAIN BMEAOC C C C A P i n C= + + +      (86) 
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Where the amortization factor, 
10

10
(1 ) (0.08)(1.08)[ / , , ] 0.149

(1 ) 1 (1.08) 1

n

n
i iA P i n

i
+

= = =
+ − −

. 

Substituting this in to Equation (y), gives: 

8,590 112,500 23,400 (0.149)(471,000) $214,700 /EAOC yr= + + + =  (87) 

Base Case 2 

Capital Cost Estimation 

The results for the equipment shown in Table 27, using carbon steel throughout, are given 

in Table 29. 

Table 29.  Purchased and Bare Module Costs for Equipment given in Table 27 using carbon 

steel throughout. 

Equipment 
No. 

Description MOC C0p* 
($1,000) 

CBM 
($1,000) 

E-101 Exhaust gas heat 
exchanger 

CS 51.1 111.0 

E-102 Regeneration heat 
exchanger 

CS 4.2 13.8 

C-101 Blower for 
regeneration and 
bed cooling 

CS 8.4 26.4 

V-101A/B Vessels for carbon 
adsorption beds 

CS 11.2 45.6 

F-
101A/B/C 

Fan for E-101 CS 16.2 66.8 

Total 91.1 263.6 

  *C0p is the purchased cost for the equipment at the base conditions of carbon steel 

The capital investment required to buy and install this equipment is given by the bare 

module cost, CBM. If the initial cost of the carbon (approx $5,200 at $2.20/kg) is added to 

this, the initial investment is given as $268,000. 
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Utility and Carbon Replacement Costs 

The utility costs required to run the carbon adsorption and regeneration equipment are 

minimal and consist of the electric utilities to run the fans (F-101A/B/C) for the air cooler 

and the blower (C-101) for the circulating regeneration air stream.  

Power for F-101A/B/C = 12.3 kW       (88) 

Power for C-101 (assume a 60% efficiency) = 0.13 kW    (89) 

Total power = 12.43 kW 

Cost of electricity = $0.06/kWh 

Annual cost (assuming 8,000 hours per operating year) = (12.43)(8000)(0.06) = $5,700/yr 

           (90) 

Replacement cost of carbon is estimated on a carbon lifetime of 1,000 cycles. Each cycle 

lasts 16 hours, so the average life time of the carbon = 16,000 hr or 2 years.  Therefore, the 

equivalent of 1 bed of carbon must be replaced per year. 

Cost of carbon replacement = (1,224 kg)(2.2 $/kg) = $2,690/yr                    (91) 

Total utility and carbon replacement cost = $5,700/yr + $2,690/yr = $8,590/yr  (92) 

Operating Labor Costs 

Assume that the maintenance of the rotating equipment used in the carbon 

adsorption/regeneration process will require an increment of 5 hr per week. Assuming a 

wage rate for a 40 hr week of $50,000/yr (including benefits, etc.), the annual cost of 

operating labor is (5/40)($50,000) = $6,500/yr 

Maintenance Costs 

Assume that the cost of maintenance supplies is 1% of the initial capital investment [107]. 

This gives an annual maintenance cost of (0.01)($268,800) = $2,688/y 
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Equivalent Annual Operating Cost (EAOC) 

The EAOC for the current project is given as follows: 

[ / , , ]UT OL MAIN BMEAOC C C C A P i n C= + + +      (93) 

Where the amortization factor, 
10

10
(1 ) (0.08)(1.08)[ / , , ] 0.149

(1 ) 1 (1.08) 1

n

n
i iA P i n

i
+

= = =
+ − −

. 

Substituting this in to Equation (y), gives: 

8,590 6,500 2,688 (0.149)(268,800) $57,800 /EAOC yr= + + + =    (94) 

Therefore, annual operating costs for the adsorption/regeneration system are expected to 

vary between $57,800 and $214,700 per year. It is instructive to put these numbers into 

perspective with respect to the cost of fuel to run the engine.  For the Cummins L10G, the 

estimated cost of fuel based on natural gas at $8.00 per MMBTU is approximately 

$130,000 per year.  Thus, the annual operating cost of the adsorption system represents 

between 44 – 165% of the cost of natural gas to run the engine. It is evident that for a 

small engine running at low power, the system is not feasible. However, the design can 

be scaled to larger engines, as discussed below. 

Effect of Capacity/Size on Economics 

The case developed previously was for a small Cummins L10G natural gas engine.  We 

now consider the case for a Cummins QSV91 natural gas engine with an output of 

approximately 1750 kW. 

The design conditions for this engine are as follows: 

Flowrate of exhaust gas = 10,094 kg/h (22255 lb/h) 

Temperature of Exhaust = 498 °C (928°F) 

NOx in Exhaust = 0.78 g/s (~ 280 ppm) 
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The same methodology used for the smaller engine given previously is used here.  The 

results are summarized in Table 30, it should be noted that a 24 hour cycle time was 

chosen for the larger engine due to excessive bed pressure drop for small cycle times. 

Table 30.  Equipment specifications for NOx adsorption and carbon regeneration process 

Equipment 
No. 

Description Capacity/Dimensions* Number of 
Units 
Required 

E-101 Exhaust gas heat 
exchanger 

Area (bare tubes) = 924 m2 (9,950 
ft2) Air-cooled, fin-fan, cross-flow 
exchanger 

1 

E-102 Regeneration heat 
exchanger 

Area (bare tubes) = 19.3 m2 (207 
ft2) 
Multiple-pipe exchanger 

1 

C-101A/B 
(include 1 
spare) 

Blower for 
regeneration and 
bed cooling 

Capacity = 0.2 m3/s (425 scfm) 
Pressure drop = 4090 Pa (0.59 psi) 

2 

V-101A/B Vessels for carbon 
adsorption beds 

Vessel Diameter = 2.48 m (3.2 ft)  
Vessel height = 5.0 m (9.6 ft) 

2 

F-101A/B/C Fan for E-101 4.15 kW (6.1 hP) 15 

The capital cost estimates for the Cummins QSV91 engine were done using the same 

approach as for the smaller engine.  Specifically, two cases were considered. The first case 

(I) used a conservative estimate using mainly stainless steel as the material of 

construction and the second case (II) used carbon steel.  The results of the capital cost 

analysis for these two cases are given in Table 31 and Table 32. 
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Table 31.  Purchased and Bare Module Costs for Equipment given in Table 27 for two cases 

 Case I Case II  
Equipment 
No. 

 
Description C0p* 

($1,000) MOC CBM 
($1,000) MOC CBM 

($1,000) 
E-101 Exhaust gas heat 

exchanger 
179.0 SS 805 CS 388 

E-102 Regeneration heat 
exchanger 

8.3 SS 49 CS 27 

C-101 Blower for 
regeneration and 
bed cooling 

8.5 SS 63 CS 30 

V-101A/B Vessels for carbon 
adsorption beds 

64.4 SS 420 CS 222 

 Initial Carbon 27.0  27  27 
F-
101A/B/C 

Fan for E-101 349.0 CS 960 CS 960 

 Total $2,325 Total $1,654 

Table 32.  Summary of operating cost for Cases I and II 

Expense Case I 
($1,000) 

Case II 
($1,000) 

Bare Module Cost 2,298.0 1,654.0 
Utility  30.3 30.3 
Carbon Replacement 9.0 9.0 
Maintenance 114.9 16.5 
Operating Labor 112.5 6.5 
Total operating costs 266.7 62.3 

Equivalent Operating Cost $609.1 $308.7 

Therefore, annual operating costs for the adsorption/regeneration system for the 

Cummins QSV91 natural gas engine are expected to vary between $309,000 and $609,000 

per year. These numbers represent 26 – 51% of the cost of natural gas to run the engine. 

6.6 Conclusions 

A research study was completed to address the feasibility of reducing NOx from lean-

burn natural gas engines using SNR. In this process, the NOx is first adsorbed from 

cooled exhaust gas in a bed of carbon, subsequently desorbed thermally, and then 
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decomposed by pasasing it through the engine combustion process again. The 

decomposition of NOx, the adsorption and desorption of NOx, and the arrangement and 

economics of the system were investigated separately. 

NO decomposition studies were performed using two Cummins 10 liter engines. A 

campaign of NO injections into the first engine demonstrated that decomposition was 

insufficient under lean-burn conditions. Reaction modeling confirmed that stoichiometric 

burn was desirable for high decomposition rates, and two campaigns with the second 

engine confirmed the high decomposition, as well as the effects of using EGR with 

stoichiometric burn. Combustion (as in-cylinder pressure) was not substantially affected 

by the NO injections. 

From a benchtop study it can be concluded that activated carbon is suitable medium for 

adsorbing NOx, but there was no attempt to optimize the type or size of carbon used. It is 

important to note that the adsorption process was highly dependent on the presence of 

oxygen in the exhaust, and the adsorption studies using NO with balance nitrogen 

yielded data with low adsorption potential that were not representative of real engine 

operation. The adsorption probably took place as a result of converting NO to NO2. A 

cooler inside bed temperature provided for a superior NOx loading of the bed, which is 

to be expected.  Water was not determined to have a significant effect of the adsorption 

process.  The greatest amount of NOx adsorbed onto the carbon during the NO mixed 

with compressed air run equaling 1.93 mass percent of NOx to carbon.  Based on these 

data, a conservative value of 0.5 mass percent was used for design calculations. The 

carbon bed must reach a temperature of at least 450°F in order to ensure proper 

desorption.  At least 54% of the NO injected converted to NO2 in the presence of oxygen 

according to the benchtop experimental work using NO with balance air. 

Arrangements for returning the desorbed NOx to the engine were considered, and the 

option of returning the NOx to a single cylinder of a multi-cylinder engine, and causing 

that cylinder to run stoichiometrically with EGR, was considered to be superior., 

A system design and economic analysis were performed. The system used three adsorber 

beds to allow sufficient time for heating and cooling of the beds between the adsorption 
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and desoorption functions. The desorption was accomplished by heating the bed and 

circulating desorption gas, rather than using an exhaust slipstream. A major cost was 

associated with the heat exchangers, both for construction and for air cooling fan 

operation. It was necessary to assume the life of the carbon, in the absence of detailed 

data on long term operation. Two cost scenarios were considered, one with an industrial 

level of maintenance and operation, and one less expensive, more automated operation 

strategy. It was evident that economies of scale and a high degree of automation would  

favor the SNR operation. The SNR cost was found to represent 26% of the fuel cost for 

operation of a 1,750 kw engine over ten years. It is likely that stoichiometric operation 

would be preferred for a new 0.1 g/bhp-hr engine installation, but the SNR approach was 

technically feasible and should be considered, with design optimization, as a retrofit 

technology for lean-burn engines.   
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