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ABSTRACT 

The NOx  production of various engines fueled by 
natural gas has been investigated. In many cases. 
future legal limits appeared to be exceeded. Tests 
including changes in ignition timing and in air to 
fuel ratio resulted in a mechanistic explanation of 
the NOx formation process. This explanation 
includes parameters like engine size and design. 
Suggested measures to reduce NOx  emissions include 
re-tuning, 	the 	application 	of 	exhaust 	gas 
recirculation and catalytic convertors. It appears 
that all measures have to be evaluated against the 
economics of operation. 

RESUME 

La production d'NOx  par différents moteurs a gaz a 
été étudiée. Dans plusieurs cas. les  limitations  
légales prévues  pour  l'avenir se sont trouvées 
dépassées. Des essais comprenant des changements dans 
le moment d'allumage et dans la  proportion  air á gaz 
ont abouti a une  explication  méchanistique du 
phénomène de  formation  NOx. Cette  explication  
contient des paramètres comme les  dimensions  et la  
forme  du moteur. Les méthodes suggerées  pour  réduire 
les émissions d'NOx  prévoient en particulier: une 
nouvelle mise au point. l'application de récirculation 
des fumées et des convertisseurs catalytiques.  Ii  est 
apparu que toutes ces mesures doivent être appréciées 
sur la base de leur  incidence  économique. 
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INTRODUCTION 

In The Netherlands. engines operating on gaseous fuels are 
being increasingly used to produce mechanical or. indirectly. 
electric power. At the end of 1985. the number of cogeneration 
units driven by reciprocating engines exceeded 1000. The smallest 
units have an electric power of 15 kW and the largest ones are 
1 WW. In addition. engine power installed for compressor drive in 
gas transport grids amounts to roughly 50 MW. 

At present, cogeneration units driven by gas engines are 
estimated to produce roughly 1% of the national emission of NOx. 
NOx is responsible for only 20% of the acidifying emissions in 
The Netherlands. beside $02 (50%) and NH3 (30%). Increased 
ecological awareness, stirred by phenomena such as dying forests 
and damage to historical monuments, forces the national government 
to enact regulations to limit the production of pollutant emissions. 
Specific NOx emission, based on energy input, of gas engines is 
not allowed to exceed 800 g/GJ excluding an efficiency (q) correc-
tion factor 4/30. until 1990. After 1990. NOx  output of newly to 
be installed engines with a mechanical power capacity exceeding 50 
kW will be restricted to 270 g/GJ, again with the allowance for 
efficiency. Corrected into specific emissions of NOx  with respect 
to shaft power, the latter value corresponds with 3.25 g/kWh. This 
is close to the 2.7 g/kWh limit of the SCAQMD (South Coast Air 
Quality Management District) of California. 

As yet, reciprocating engines generally exceed the 800 g/GJ 
limit. Random tests carried out by  Gasunie  showed values between 
300 g/GJ and 4000 g/GJ. depending on tuning and engine size. 
Measures, therefore, have to be taken to reduce the high levels. 
These can consist of either a different setting of parameters, like 
changing the air to fuel ratio or the ignition timing, or more 
radical changes like the application of exhaust gas recirculation 
and catalytic converters. Measures regarding re-tuning can affect 
the general performance of an engine. Exhaust gas recirculation 
requires additional components and will also effect performance. 
Catalytic treatment of the exhaust gases entails investments in a 
converter and in an air to fuel ratio control system. Additional 
costs are associated with catalyst ageing and with maintenance of 
the control system. The N.V.  Nederlandse Gasunie  holds the opinion 
that engine driven cogeneration should remain a competitive 
application of natural gas and is therefore assisting manufacturers 
and users to find optimum solutions for the abatement of NOx  
production. 

THE NOx PRODUCTION MECHANISM 

Temperature and oxygen 

The bulk of NOx  produced in engines results from a reaction 
of nitrogen and oxygen present in the combustion end products under 
the influence of a high temperature. Peak temperatures of the gases 
in reciprocating engines can be much higher than those present in 
boilers and turbines due to the nature of the engine process. 
During the intake stroke of an engine cycle, the fresh mixture 
charge is pre-heated by contact with the hot cylinder surfaces and 
hot residual gases. The intake stroke is followed by a temperature-
raising compression process. At the end of the compression process. 
after ignition, the cylinder charge releases its chemically stored 
energy during a process of progressive combustion. Progressive 
combustion means that the flame front proceeds gradually from the 
spark plug to the boundaries of the combustion chamber. The parts 
of the cylinder charge which burnt in the beginning of the 
combustion process continue to increase in temperature. This is due 
to pressure rise resulting from a combined effect of piston motion 
and heat release of the remaining charge to be burnt. Figure 1 
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illustrates the progressive combustion process in an engine. 
defining as well the characteristic combustion parameters like 
combustion duration •  .dur  . apparent heat release delay  adel  and 
the phasing angle *comb of the combustion process in the cycle 
(ref.1). An example of the resulting temperature gradient with its 
highest value near the spark plug and its lowest temperature at a 
location farthest removed from the spark plug is also given. 

TDC 

'coil 

.del Sdur 

CRANK ANGLE  
0 
REL.DIST.FROM SPARK PLUG 

Figure 1: THE PROGRESSIVE COMBUSTION PROCESS. 

TDC CRANK ANGLE 

Figure 2: THE TEMPERATURE RAISING PROCESS IN AN ENGINE. 

Figure 2 summarizes the temperature raising process in an 
engine. Until the moment of ignition, the temperature of the 
cylinder charge is practically uniform. Large differences occur 
during the progressive combustion process. During the expansion 
stroke, the cylinder charge will regain a more uniform temperature 
due to mixing induced by internal flow processes. 

Low temperatures of the cylinder wall surfaces, a low 
compression ratio, a low heating value ch of the mixture and a 
retarded release of heat in the cycle will reduce peak 
temperatures. However, a certain minimum temperature of the engine 
parts is required to ensure a reliable operation. Moreover, a low 
cooling water temperature will reduce the applicability of waste 
heat. A lower compression ratio and a retarded heat release will 
reduce the conversion efficiency of heat into mechanical work. A 
lower heating value of the mixture decreases power capacity of an 
engine. Thus, the measures designed to bring down peak temperatures 
also tend to interfere with performance of the engine. 

In addition to these high peak temperatures. oxygen as a basic 
constituent of NOx  is generally more abundantly available in the 
combustion end products of engines than in those of a boiler, due 
to a leaner mixture. Nowadays, because of aims at a low specific 
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fuel consumption. many natural gas fueled engines are operating on 
a lean mixture i.e. a mixture with more air than theoretically 
required for complete combustion. The percentage of excess air 
varies from 5% to 40%. which can be expressed as an air to fuel 
ratio (A) range of 1.05 to 1.40. The extra air ensures a more 
complete combustion resulting in a lower specific fuel consumption. 
Moreover. the specific heat of air is lower than that of combustion 
end products thereby giving a better conversion of heat into 
temperature rise and ultimately into pressure rise. Lean mixtures 
have a higher knock resistance than mixtures close to stoichiometric 
and therefore, the engine is allowed to have a higher compression 
ratio which is favourable for efficiency. 

With a limited amount of 
excess air, the diluting effect 
on the mixture is low so that 

g/GJ peak temperatures remain high. 
The availability of oxygen then 
allows the production of high 
NOx  levels. Extended dilution 
with air will make that the 

• 2000- 	 restraining 	effect 	of 	the 
o decrease in temperature on 

NOx  production will exceed 
the stimulating effect of a 
high 	oxygen 	concentration. 

5 	 Figure 3 shows measurement 
results of NOx  production by 

1000- 	 16 different engines at factory 

0 
1 0 	1.1 	1.2 	1.3 	1.4 

AIR TO FUEL RATIO 

Figure 3: NOx  PRODUCTION OF 16 
DIFFERENT ENGINES. 

recommended 	settings 	of 
ignition timing and at rated 
load. At identical air to fuel 
ratios, the availability of 
oxygen is constant. Therefore. 
the wide scatter in results 
will primarily be caused by 
different peak temperatures in 
the various engines. It should 
be noted here that these engines 
had not been optimized with res-
pect to a low NOx  production. 

Classification of NO, E  values  

In order to find an explanation for the scatter in Figure 3, 
the relation between air to fuel ratio and NOx  production of some 
engines has been measured. In order to cover a wide range of air to 
fuel ratios, these engines had to be able to run on a 
stoichiometric mixture without combustion knock. The tests have 
been carried out with wide open throttle valve and a constant 
ignition timing. First, the ignition timing had been optimized for 
an optimum phasing (ref.1) of the combustion process in the cycle 
for A.1.0. Figure 4 shows NOx  production versus air to fuel ratio 
of a small bore engine (Vswept.0.23 l/cyl) and of a medium bore 
engine (Pswept.7.9 1/cyl). Some data of a large bore engine 
(Vswept.37.9 1/cyl) have also been added. The NOx  curves follow 
a smooth path as might be expected from a physical process. 

The initial increase in NOx  production when proceeding from 
A.1.0 can be explained by the higher availability of oxygen. 
However, with extended leaning the decrease in peak temperature due 
to the extra air surpasses the effect of the increase in oxygen 
concentration thus resulting in a lower NOx  production. As 
cylinder dimensions increase, the size of the hot kernel close to 
the spark plug grows and the relative heat loss to the combustion 
chamber walls diminishes. For a given air to fuel ratio. this 
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results in a higher NOx  production and in a shift in the NOx  
peak towards leaner mixtures with larger engines. 

The diluent effect of 
additional air, which decreases 

ók/G.J., 	 the heating value of the mixture 
and thereby temperature, is not 
the only factor responsible for 
the low NOx  production with 

a 	 lean mixtures. The extra air 

c
))4
2000 	 also tends to slow down the 

combustion process in the cycle. 
This is shown in Figure 5 for 
both the small and the medium 

u1000* 	 bore engine of Figure 4. A 
a retarded phasing of the combus- 

tion process in the cycle gives 
rise to a reduced efficiency and 
to increased torque instability 
(ref.1). Restoring the proper 
phasing by advancing the ig- 
nition 	timing, 	immediately 
results in an increased NOx  
production due to the higher 
peak temperature in the cycle 
(Figure 6). Nevertheless, the 

extended leaning ultimately results 

SMALL BORE ENGINE 
	

MEDIUM BORE ENGINE 

Figure 5: EFFECT OF LEANING OF THE MIXTURE ON COMBUSTION 
DURATION AND COMBUSTION STABILITY. 

Fuel composition is another factor influencing peak 
temperature in the cycle. Natural gas generally contains some 
nitrogen and carbon dioxide which reduce the heating value of the 
mixture of fuel and air for a given air to fuel ratio. Tests with a 
medium bore engine running at A.1.04 showed a reduction from 
1400 g/GJ to 1030 g/GJ when switching from natural gas to sewage 
gas containing 60% methane and 40% carbondioxide. Figure 7 
illustrates the effect of the addition of CO2 to natural gas on 
NOx  production with a small bore engine. The presence of 40% of 
CO2  in the fuel gas reduced NOx  production by at least a factor 
3, there. 
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Figure 6: INCREASE IN NOx  PRODUC- 	Figure 7: EFFECT OF CO2 IN 
TION DUE TO RESTORING A 	 NATURAL GAS ON NOx  
PROPER COMBUSTION PHAS- 	 PRODUCTION IN A  
ING. 	 SMALL BORE ENGINE. 

Elements of engine design, such as compression ratio, cylinder 
wall temperature and turbulence levels of the cylinder contents add 
to the causes of scatter in specific NOx  production. A different 
design of the cylinder heads of a large bore engine, including a 
better cooling of the surface near the spark plugs and higher 
turbulence levels, appeared to reduce the specific NOx  emission 
from 3000 g/GJ to 1200 g/GJ. High turbulence levels probably spread 
out the hot kernel resulting in lower peak temperatures. 

Summarizing. incorporation of engine size, phasing of the 
combustion process and construction details can explain much of the 
variations in NOx  production from different engines. 

MEASURES TO REDUCE NOx  PRODUCTION 

Any measure designed to reduce NOx  production should be seen 
in its economic context. Basically interesting options such as 
changing the setting of the ignition timing or of the air to fuel 
ratio must be weighed against general performance aspects such as 
power capacity and specific fuel consumption. Dilution of the 
mixture entering the cylinder with recirculated exhaust gases will 
also affect performance and will require additional investments. 
Non-selective catalytic converters which can reduce NOx  require a 
slightly understoichiometric mixture which has to be maintained in 
a narrow range. Not every engine can be tuned to a stoichiometric 
mixture, since some engines have been especially designed to run on 
a lean mixture: these will experience thermal overload and often 
start knocking when subjected to a close to stoichiometric mixture. 
So, when considering means to bring down NOx  production, also the 
design of the engine concerned has to be taken into account. 

Tuning  

Upon inspection of Figure 4, one is inclined to choose either 
a rich mixture ( A< 1.0) or a very lean mixture (A> 1.4). A rich 
mixture has the drawback of a high specific fuel consumption. 
Leaning beyond A . 1.50 generally results in unstable combustion and 
even in misfiring. Figure 8 gives NOx  production, energy 
conversion efficiency and power capacity of a naturally aspirated 
engine and a turbocharged engine. Both engines have been designed 
to run at a stoichiometric mixture and both have a compression 
ratio of 10. At each air to fuel ratio setting, the ignition timing 
has been adjusted for combustion to occur at the optimum moment in 
the cycle (#comb 	8 deg ATCD, ref.1). The target level of 270 
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Figure 8: EFFECT OF AIR TO FUEL RATIO ON NOx  PRODUCTION. POWER 
CAPACITY AND CONVERSION EFFICIENCY FOR A NATURALLY 
ASPIRATED AND A TURBOCHARGED ENGINE. 

g/GJ will be reached by both engines at an air to fuel ratio of 
nearly 1.5. At that setting, the power capacity of the naturally 
aspirated engine is only 70% of that at A.1.0 which increases the 
capital investment per unit of power by 40%. The specific fuel 
consumption atA .1.5 is practically identical to that at A.1.0. The 
turbocharged engine, on the other hand, can almost maintain its 
rated power since the extra air has been added to the mixture by 
raising the intake manifold pressure. Optimization of the turbo-
charger system will result in a constant power capacity even beyond 
A.1.5. but traditional ignition systems appear to have difficulties 
with igniting mixtures that lean. 

Beside ignition failure, slow and unstable combustion can be a 
limiting factor when leaning engines. Figure 9 illustrates the 
increased instability in the combustion process of a small bore 
engine. Combustion instability will give rise to torque fluctuations 
which induce extra wear and annoying power fluctuations. A compact 
design of the combustion chamber with a spark plug centrally 
positioned in the cylinder head normally results in a rapid and 
stable combustion. 

X - 1.01 
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CYLINDER youac 	 CYLINDER VOLUME 
Figure 9: HEAVY INSTABILITIES DUE TO LEANING OF THE 

MIXTURE IN A SMALL BORE ENGINE. 

	

Klimstra 	 7 



MIXER 

CONTROL-
LER D- 	

OXYGEN 
SENSOR 

CATALYST 

MIXER 
LOAD 

CONTROL 
ENGINE 

COOLER recirculated  exhaust gas  

1986 INTERNATIONAL GAS RESEARCH CONFERENCE 

Re-tuning of the air to fuel ratio and the ignition timing of 
a particular type of lean-burn engine (a diesel derivative) 
appeared to be an effective means to reduce NOx  production. This 
engine type has a compression ratio of 12.5 and a Heron type 
combustion chamber. At an air to fuel ratio of 1.38 and an ignition 
timing of 12 deg BTDC, it yielded a power capacity of 148 kW, a 
conversion efficiency of 32.3% and a specific NOx  production of 
650 g/GJ. Leaning to an air to fuel ratio of 1.46 combined with a 
small advance in ignition timing to 14 deg BTDC gave a power 
capacity of 137 kW, a conversion efficiency of 31.2% and an NOx  
production of 227 g/GJ. The standard deviation of the variations in 
electric power produced went up from 0.5% to 1.1% of the mean value 
due to increased combustion instabilities. Generally, power 
variations exceeding a standard deviation of 2% are considered 
unacceptable. 

In a different case, a large bore engine with a secluded 
position of the spark plug appeared to be able to run only at an 
air to fuel ratio of 1.10 with a specific NOx production of 
1500 g/GJ. A richer mixture resulted in knock and a leaner mixture 
in unacceptable instabilities. Such engines can be adjusted to 
lower NOx  production levels only after a complete redesign of 
cylinder head and piston. 

Exhaust as recirculation  

The addition of exhaust gas resulting from stoichiometric 
combustion as a diluent instead of air has the advantage that the 
concentration of oxygen in the burnt mixture fraction in the 
combustion chamber is relatively low. Moreover, flue gas has a 
higher specific heat than air which additionally decreases peak 
temperature. The diesel engine derivative with a compression ratio 
of 12.5 already discussed in a previous paragraph has been 
converted to allow the recirculation of a part of the exhaust gases 
(see Figure 10). 

Figure 10: EXHAUST GAS RECIRCULATION WITH AIR TO FUEL RATIO CONTROL 
AND AN OPTIONAL CATALYTIC CONVERTER. 

With roughly 30% of the flue gas recirculated, the power 
capacity amounted to 143 kW. the conversion efficiency was close to 
30% and the specific NOx  production 270 g/GJ (see Table). 
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From the viewpoint of efficiency. CO production and complexity. 
the lean-burn concept is clearly preferable in comparison with the 
Exhaust Gas Recirculation option. The only advantage of the EGR-con-
cept is that non-selective catalysts can be applied with orginally 
lean-burn engines. 

Table: PERFORMANCE COMPARISON OF EGR AND LEAN-BURN 
Swept volume: 2.3 l/cyl 	 Compression ratio: 12.5 

method power 	efficiency Oign A 	NOx 	CO 

kW 	 deg BTCD 	 g/GJ 	g/GJ 

lean-burn 	137 	 31.2 	 14 	1.46 	227 	245 
EGR 	 143 	 29.9 	 16 	0.985 	270 	2253 

Catalysts  

Most naturally aspirated engines designed for a stoichiometric 
mixture appear to be difficult to adjust to very lean mixtures. 
Catalytic reduction of NOx  is generally the only possible 
solution. The common three-way, or non-selective, catalyst consists 
of a honeycomb-type carrier with a layer of platinum and rhodium. 
Carbon monoxide and unburnt hydrocarbons emanating from the engine 
itself are used as reducing agents for NOx. For an optimum 
effectiveness, concentrations of NOx. 02. CO and hydrocarbons 
have to be balanced by choosing a proper air to fuel ratio. An 
automatic control system based on the signal from an oxygen sensor 
is generally required to maintain this air to fuel ratio. The 
required A appears to be in the region between 0.98 and 0.99. which 
means that the specific fuel consumption of the engine will be some 
3% higher than for a slightly overstoichiometric mixture. With a 
proper adjustment and a new catalyst, a reduction of 95% in NOx  
concentration has been observed. Levels lower than 20 g/GJ have 
been measured.  Gasunie  is currently persuing investigations into 
catalyst life and effectiveness with a 20 kW. a 150 kW and a 1 MW 
engine. 

DISCUSSION 

The route to solutions to reduce specific NOx  production of 
engines to legally acceptable values depends on the initial 
settings and design of the engines. Naturally aspirated engines 
basically designed to use stoichiometric mixtures will show a 
considerable loss in power capacity when subjected to leaning. In 
that case, the application of catalytic converters is an 
appropriate technique. Aspects related to catalysts are long term 
effectiveness and reliability. 

Turbocharged engines can be operated with lean mixtures 
without power loss but the combustion chamber has to be designed 
for stable and rapid combustion. When using standard spark plugs, a 
high risk of misfiring is then present. Therefore, current research 
is concentrated (ref.2.3) on divided chamber engines, where a spark 
plug ignites a close to stoichiometric mixture in a prechamber. 
This prechamber is connected to the main chamber via a nozzle. 
After ignition, the high temperature jets emanating from the 
prechamber ensure a stable and rapid combustion of the very lean 
charge in the main chamber. Complications can arise with respect to 
reliability and a more involved control system. 

Engines originally designed for a lean mixture can often be 
tuned to the target NOx  levels by sacrificing a few percent of 
power capacity. 
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NOTATIONS 

Symbol 
oh  

Vswept 
n 
Ocomb 
•d  ei  
Odur 

quantity 
heating value of the mixture 
swept volume 
energy converion efficiency 
combustion phasing angle 
apparent heat release delay 
combustion duration 
air to fuel ratio 

unit 
3. kg 
m3  
% 
deg 
deg 
deg 
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