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(57) ABSTRACT 

Fuel such as coal is combusted in a staged combustion 
device in a method comprising feeding into a ?rst combus 
tion stage of said furnace said fuel and gaseous oxidant 
containing more than 21 vol. % oxygen, and preferably 21.8 
to 29 vol. % oxygen, at a stoichiometric ratio beloW that 
Which, if the stage Were operated With air as the only 
oxidant, Would produce the same amount of NOx, and 
combusting said fuel With said gaseous oxidant in said 
combustion stage to produce combustion products and 
unburned fuel. 
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OXYGEN ENHANCED LOW NOX COMBUSTION 

FIELD OF THE INVENTION 

[0001] The present invention relates to combustion of 
hydrocarbon fuels, particularly of coal. 

BACKGROUND OF THE INVENTION 

[0002] Environmental aWareness is growing in the US. 
and around the World leading to increasing public and 
regulatory pressures to reduce pollutant emissions from 
boilers, incinerators, and furnaces. One pollutant of particu 
lar concern is NOx (by Which is meant individual oxides of 
nitrogen such as but not limited to NO, N02, N20, N204, 
and mixtures thereof), Which has been implicated in acid 
rain, ground level oZone, and ?ne particulate formation. 

[0003] A number of technologies are available to reduce 
NOx emissions. These technologies can be divided into tWo 
major classes, primary and secondary. Primary technologies 
minimiZe or prevent NOx formation in the combustion Zone 
by controlling the combustion process. Secondary technolo 
gies use chemicals to reduce NOx formed in the combustion 
Zone to molecular nitrogen. The current invention is a 
primary control technology. 

[0004] In primary control technologies, commonly called 
staged combustion, mixing betWeen the combustion air and 
fuel is carefully controlled to minimiZe NOx formation. The 
formation of NOx from fuel nitrogen is based on a compe 
tition betWeen the formation of NOx and the formation of N2 
from the nitrogenous species in the fuel volatiles and char 
nitrogen. Oxygen rich conditions drive the competition 
toWards NOx formation. Fuel rich conditions drive the 
reactions to form N2. Primary control strategies take advan 
tage of this phenomenon by carefully controlling the mixing 
of air and fuel to form a fuel rich region to prevent NOx 
formation. To reduce NOx emissions, the fuel rich region 
must be hot enough to drive the NOx reduction kinetics. 
HoWever, suf?cient heat has to be transferred from the fuel 
rich ?rst stage to the furnace heat load in order to prevent 
thermal NOx formation in the second stage. 

[0005] By far the most common type of primary control 
device is the loW NOx burner (LNB). In this device the air 
is typically aerodynamically staged to form a fuel rich Zone 
folloWed by a burnout Zone. Aconventional loW NOx burner 
includes a ?rst Zone, near the feed ori?ce, Which is con 
trolled by primary air and fuel, and Which is very fuel rich. 
In a second Zone, the remainder of the secondary air and any 
tertiary air then alloW the fuel nitrogen to continue to be 
chemically processed to form N2 provided that the local 
stoichiometrics are rigidly controlled. In this region the 
hydrocarbons and the char are burned out. Although the 
LNB is a fairly inexpensive Way to reduce NOx, currently 
available versions are not yet capable to reach the emissions 
limits in pending regulations. Other issues are increased 
carbon in the ash and reduced ?ame stability. 

[0006] LoW NOx burners represent a fairly mature tech 
nology and as such are discussed Widely throughout the 
patent and archival literature. Many ideas have been pro 
posed to enhance the effectiveness of LNB’s While mini 
miZing detrimental impacts such as poor ?ame stability and 
increased carbon in the ash. Of these ideas tWo are particu 
larly relevant: preheating the air to the ?rst stage, and 
converting the combustor to oxy-fuel ?ring. 
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[0007] Both air preheat and oxy-fuel combustion enhance 
the effectiveness of staged combustion by increasing the 
temperature in the primary Zone Without increasing the 
stoichiometric ratio. Oxy-fuel combustion offers the addi 
tional advantage of longer residence times in the fuel rich 
region, due to loWer gas ?oWs, Which has been shoWn to 
reduce NOx emissions. As discussed above, staged combus 
tion uses a fuel rich stage to promote the formation of N2 
rather than NOx. Since the reactions to form N2 are kineti 
cally controlled, both the temperature and the hydrocarbon 
radical concentration are critical to reducing NOx formation. 
For example, if the temperature is high and the radical 
concentration is loW, such as under unstaged or mildly 
staged conditions, NOx formation is increased. When the 
radical concentration is high but the temperature is loW, such 
as under deeply staged conditions, the conversion of inter 
mediate species such as HCN to N2 is retarded. When air is 
added to complete burnout, the intermediates oxidiZe to 
form NOx, therefore the net NOx formation is increased. 
Saro?m at al. “Strategies for Controlling Nitrogen Oxide 
Emlissions During Combustion of Nitrogen bearing fuels”, 
69 Annual Meeting of the AIChE, Chicago, 111., November 
1976, and others have suggested that the ?rst stage kinetics 
can be enhanced by preheating the combustion air to fairly 
high temperatures. Alternately Kobayashi et al. (“NOx 
Emission Characteristics of Industrial Burners and Control 
Methods Under Oxygen Enriched Combustion Conditions”, 
International Flame Research Foundation 9th Members’ 
Conference, NoordWijkerhout, May 1989), suggested that 
using oxygen in place of air for combustion Would also 
increase the kinetics. In both cases the net result is that the 
gas temperature in the ?rst stage is increased While the 
radical concentration stays the same, resulting in reduced 
NOx formation. Further, using both air preheat and oxy-fuel 
?ring alloWs the ?rst stage to be more deeply staged Without 
degrading the ?ame stability. This alloWs even further 
reductions in NOx formation. 

[0008] Oxy-fuel ?ring offers a further advantage for 
LNB’s. Timothy et al (“Characteristics of Single Particle 
Coal Combustion”, 19th Symposium (international) on 
Combustion, The Combustion Institute, 1983) shoWed that 
devolatiliZation times are signi?cantly reduced, and the 
volatile yield is increased, When coal is burned in oxygen 
enriched conditions. These tests Were single particle com 
bustion tests performed under highly fuel lean conditions, 
Which does not provide information on hoW much oxygen is 
needed to accomplish this under more realistic combustion 
conditions. The higher volatile yield means that the com 
bustibles in the gas phase increase as compared to the 
baseline—leading to a more fuel rich gas phase Which 
inhibits NOx formation from the volatile nitrogen species. In 
addition, the fuel volatiles ignite rapidly and anchor the 
?ame to the burner, Which has been shoWn to loWer NOx 
formation. The enhanced volatile yield also leads to shorter 
burnout times since less char is remaining. 

[0009] Although the prior art describes several elegant 
enhancements for staged combustion and LNB’s, several 
practical problems have limited their application. First, 
preheating the combustion air to the levels required to 
enhance the kinetics requires several modi?cations to both 
the system and the air piping. The air heater and economiZer 
sections must be modi?ed to alloW the incoming air to be 
heated to higher temperatures, Which may require modi? 
cations to the rest of the steam cycle components. The 
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ductWork and Windbox, as Well as the burner itself, must also 
be modi?ed to handle the hot air. All of the modi?cations can 
be costly and can have a negative impact on the operation of 
the boiler. 

[0010] The primary barrier to the use of oxy-fuel ?ring in 
boilers has been the cost of oxygen. In order for the use of 
oxygen to be economic the fuel savings achieved by increas 
ing the process ef?ciency must be greater than the cost of the 
supplied oxygen. For high temperature operations, such as 
furnaces Without signi?cant heat recovery, this is easily 
achieved. HoWever, for more ef?cient operations, such as 
boilers, the fuel savings attainable by using oxy-fuel ?ring 
is typically much loWer than the cost of oxygen. For 
example, if a typical coal-?red utility boiler Were converted 
from air ?ring to oxygen ?ring, approximately 15 to 20% of 
the poWer output from that boiler Would be required to 
produce the necessary oxygen. Clearly, this is uneconomic 
for most boilers. 

[0011] Thus there remains a need for a method for achiev 
ing reduced NOx emissions in combustion of fuel (particu 
larly coal) containing one or more nitrogenous compounds 
and especially for a method Which can be carried out in 
existing furnaces Without requiring extensive structural 
modi?cations. 

BRIEF SUMMARY OF THE INVENTION 

[0012] An aspect of the present invention is a method for 
combusting fuel Which contains one or more nitrogenous 
compounds, comprising: 

[0013] feeding into a ?rst combustion stage said fuel 
and gaseous oxidant containing more than 21 vol. % 
oxygen, and preferably 21.8 to 29 vol. % oxygen, at 
a stoichiometric ratio beloW that Which, if the stage 
Were operated With air as the only oxidant, Would 
produce the same amount of NOx, and combusting 
said fuel in said combustion stage to produce com 
bustion products and unburned fuel. 

[0014] Preferably, said unburned fuel is combusted in a 
second combustion stage using additional oxidant stream(s) 
comprised such that the average oxygen content of all 
oxidant streams, including those fed to the ?rst stage, is in 
the range of 20.9-27.4 vol. % oxygen While removing 
sufficient heat from the combustion products and unburned 
fuel from the ?rst stage, such as through heat exchange With 
steam producing tubes, to reach a temperature loW enough 
to minimiZe additional formation of NOx in said combustion 
in said second stage. 

[0015] Another aspect of the invention is that it enables 
ready adaptation (“retro?tting”) of existing furnaces, in 
Which a hydrocarbon fuel is combusted With air as the only 
oxidant, to reduce the amount of NOx formed by the 
furnace. This embodiment is a method for operating a 
furnace in Which a hydrocarbon fuel is combusted, so as to 
reduce the amount of NOx formed by the furnace compared 
to the amount of NOx formed by combustion of said fuel in 
said furnace With air as the only oxidant, the method 
comprising: 

[0016] feeding into a ?rst combustion stage of said 
furnace said fuel and gaseous oxidant containing 
more than 21 vol. % oxygen, at a stoichiometric ratio 
beloW that Which, if the stage Were operated With air 
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as the only oxidant, Would produce the same amount 
of NOx, and combusting said fuel With said gaseous 
oxidant in said combustion stage to produce com 
bustion products and unburned fuel. 

[0017] In either of the foregoing embodiments, the oxygen 
can be fed as either a single stream of pure oxygen or of 
substantially oxygen-enriched air, or as a plurality of 
streams of pure oxygen and/or substantially oxygen-en 
riched air. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The FIGURE is a graph of NOx formation plotted 
against the stoichiometric ratio in the ?rst stage of a staged 
furnace. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0019] The current invention overcomes the aforemen 
tioned hurdles While enhancing the effectiveness of staged 
combustion. It is also useful in single stage burners. This 
invention is applicable to combustion of hydrocarbon fuels 
such as coal, fuel oil (including heavy oil), and bitumen. 
Such fuels generally contain a minor amount of naturally 
occurring nitrogenous hydrocarbon compounds, typically 
heterocyclics. 
[0020] In the folloWing description, it should be under 
stood that the oxygen content of the oxidant fed to a stage 
of a combustion device represents the overall average oxy 
gen content taking the stage as a Whole, even though Within 
the stage the oxygen content can vary at different given 
points. 
[0021] The current invention takes advantage of the dis 
covery that Within certain ranges and ratios of oxygen and 
fuel, using a surprisingly small amount of oxygen leads to a 
signi?cant reduction of the formation of NOx, thus elimi 
nating the need for extensive boiler modi?cations or the cost 
of pure oxy-fuel ?ring as modes of reducing NOx formation. 

[0022] More speci?cally, it has been determined that, as 
expected from the relevant teachings of the prior art, at 
stoichiometric ratios conventionally observed for the ?rst 
stage of staged combustion in air, raising the oxygen content 
of the air increases the formation of NOx. As used herein, 
“stoichiometric ratio” is the ratio of oxygen fed, to the total 
amount of oxygen that Would be necessary to convert fully 
all carbon, sulfur and hydrogen present in the substances 
comprising the feed to carbon dioxide and sulfur dioxide, 
and Water. 

[0023] HoWever, and quite surprisingly, it has been dis 
covered that there are loWer stoichiometric ratios having the 
property that combustion at such loWer stoichiometric ratios 
accompanied by a relatively slight increase in the overall 
oxygen content of the oxidant gas results in a signi?cant 
decrease in the formation of NOx. 

[0024] At a certain point representing a certain value of 
the stoichiometric ratio for a given set of combustion 
conditions, and for a given overall oxygen content, some 
What higher than that of air, in the oxidant gas, the NOx 
formation as expressed in mass per unit fuel input Will be the 
same Whether combustion is carried out in air or in that 
oxidant gas. This point Will be referred to herein as the 
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“in?ection point”; this term is chosen to help promote 
understanding of the description herein of the invention and 
no additional implication should be attached to the particular 
Word “in?ection”. The particular value of the stoichiometric 
ratio at the in?ection point can be expected to vary from case 
to case depending eg on the fuel composition and on the 
overall oxygen content of the oxidant. The present invention 
carries out combustion in the ?rst stage (or in the fuel rich 
portion of a staged combustor) at stoichiometric ratios beloW 
the stoichiometric ratio at that point. 

[0025] As an example, the impact of oxygen addition on 
NOx formation is shoWn schematically in the FIGURE. This 
FIGURE, derived through the use of chemical kinetics 
calculations Where the volume and heat removal from the 
primary Zone Were kept constant, shoWs tWo curves that 
depict the NOx formation as a function of the ?rst stage 
stoichiometric ratio When the oxidant Was air, and When 10% 
of the oxygen required for complete combustion of the fuel 
Was supplied by pure oxygen and this oxygen Was fed into 
the ?rst (fuel rich) stage. The fuel used for these calculations 
Was a typical bituminous coal With a 34% volatile matter 
content. The FIGURE shoWs a point “A” at Which the tWo 
curves intersect, Which is the point at Which NOx formation 
is the same When combustion is carried out in air or in 
gaseous oxidant formed Wherein some portion (in this 
example 10%) of the oxygen required for complete com 
bustion of the fuel is supplied by pure oxygen, and the 
balance supplied by air. Point “A” is the “in?ection point” 
as de?ned hereinabove. At point “A” in this example, the 
stoichiometric ratio is about 0.585. For this example it Was 
assumed that approximately 52 Wt. % of the coal Was in the 
vapor phase and participating in the reactions. Thus although 
the overall stoichiometric ratio is much less than 1, the gas 
phase may only be slightly fuel rich at this in?ection point. 

[0026] When the gas phase becomes fuel lean, in this 
example at a primary stage stoichiometric ratio greater than 
about 0.585, the effect of adding oxygen is to signi?cantly 
increase NOx formation. HoWever, it has noW been discov 
ered that there are loWer stoichiometric ratios (beloW about 
0.585 in this example, being the stoichiometric ratio at the 
point at Which the tWo curves intersect), at Which the effect 
of modestly increasing the overall oxygen content of the 
oxidant in the ?rst stage (eg by addition of relatively 
modest amounts of pure or substantially enriched oxygen) is 
to dramatically decrease NOx formation. The present inven 
tion carries out combustion in the ?rst stage (or in the fuel 
rich portion of a staged combustor) at stoichiometric ratios 
beloW the stoichiometric ratio at that point. 

[0027] The preferred mode for practicing this invention is 
based on a combination of the requirements to facilitate 
staged combustion and materials or economic limitations. 
As noted, a principal objective of this invention is reduction 
of NOx formation, but another objective is of course remain 
ing able to initiate and maintain combustion. If the stoichio 
metric ratio is too loW, e.g. beloW approximately 0.4 in the 
example represented in the FIGURE, ignition and combus 
tion in the ?rst stage Will be dif?cult. This loWer bound is 
strongly dependent on the fuel characteristics, such as the 
amount of volatiles released in the ?rst stage, and the 
oxidant characteristics. In the previously discussed example, 
the optimal range Was approximately stoichiometric ratio of 
0.4-0.585 based on the Whole coal. This corresponds to a 
range of 0.575-0.85 based on the assumed fuel in the gas 
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phase. As another example, feeding a signi?cantly preheated 
stream of pure, or substantially enriched, oxygen Will alloW 
combustion at much loWer stoichiometric ratios than an 
equivalent oxygen stream at loWer temperatures. HoWever, 
in any case it is noted that in the region Where the stoichio 
metric ratio is beloW some critical value, about 0.4 in the 
previously discussed example, the NOx formation exceeds 
that Which is achieved even Without the oxygen addition and 
stoichiometric ratio control in accordance With the present 
invention. 

[0028] In vieW of this, to be surer of achieving reduced 
NOx formation under a given set of combustion conditions 
(including a given oxidant stream(s) having an overall 
oxygen content someWhat greater than that of air), it is 
preferred to operate at a stoichiometric ratio Which is beloW 
the stoichiometric ratio at the aforementioned in?ection 
point at Which combustion in air or in the given oxidant gas 
produce the same amount of NOx, but at least the loWer 
stoichiometric ratio at Which the NOx formation (obtained 
With the given oxidant stream(s)) has again risen and 
reached the value of the NOx formation at the aforemen 
tioned in?ection point. 

[0029] In other Words, referring to the FIGURE, at point 
“A” (ie at the in?ection point) the NOx formation is the 
same for combustion in air or in a gaseous oxidant Wherein 
10% of the oxygen required for combustion is supplied by 
pure oxygen and the balance from air, and at point “B” the 
NOx formation is the same as the NOx formation at point 
“A”; and it is preferred to carry out combustion at a 
stoichiometric ratio Which is beloW the stoichiometric ratio 
at point “A” and at least the stoichiometric ratio at point “B”. 

[0030] The optimal stoichiometric ratios for operation 
depend strongly on the fuel characteristics, type of combus 
tion device, fraction of the oxygen required for combustion 
that is supplied by pure, or substantially enriched oxygen, 
and average oxidant temperature. Several methods are avail 
able to determine the optimal operating regime. These 
include kinetic calculations as illustrated above, Which give 
rise to important information on the kinetic limitations. 
These calculations must pay careful attention to the amount 
of fuel in the vapor phase under the fuel rich conditions to 
adequately describe fuel to oxygen ratio, and therefore NOx 
formation, in the vapor phase. Computational ?uid dynamic 
(CFD) calculations can be used to take into account the 
impact of aerodynamic staging in a combustion device 
Where some portion of the combustion air has been replaced 
With oxygen. Finally, experimentation can be used to verify 
the modeling results before installation of the device. 

[0031] As can be seen, the effects discovered and 
described herein are based on increases in the overall 
oxygen content of the oxidant. The increases can be pro 
vided by literally replacing air With oxygen, or by other 
means such as adding oxygen-enriched air, replacing air 
With oxygen-enriched air, adding pure or nearly pure oxy 
gen, or replacing air With pure or nearly pure oxygen. For 
convenience herein the increased overall oxygen content of 
the oxidant is most often referred to in terms of replacement 
of air With pure oxygen, meaning an oxidant that is the 
equivalent of air having been replaced in part With pure 
oxygen so as to maintain the same amount of oxygen. Given 
that air is understood to comprise about 20.9 vol. % oxygen, 
replacement of various given percentages of the air With 
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oxygen produces oxidant With a higher overall oxygen 
content in accordance With the following table: 

Replacement of this 
vol. % of air With oxygen: 

produces oxidant having 
this vol. % of oxygen: 

0 20.9 
5 21.8 

10 22.7 
15 23.7 
20 24.8 
25 26.1 
30 27.4 
35 28.9 
40 30.6 

[0032] The practical overall oxygen content of the oxidant 
gas, Whether effected by replacement of air With pure 
oxygen or otherWise, is based on loWer limits Where oxygen 
Will not have enough impact to Warrant its use and upper 
limits Where cost is prohibitive or maintaining the boiler or 
furnace balance Will be problematic. While pure oxygen, or 
substantially oxygen enriched oxidant streams, can be used 
to supply 25% or more, or even 30% or more, of the 
stoichiometric oxygen requirement for combustion, calcu 
lations based on the current cost of oxygen and the kinetics 
of NOx control suggest as an optimal range using gaseous 
oxidant containing 21.8 vol. % to 24.8 vol. % oxygen, i.e. 
corresponding to replacing betWeen 5-20% of the total 
combustion air With oxygen (or any of the values betWeen 
5% and 20% such as appear in the foregoing table). When 
all of the oxygen is used in the ?rst stage combustion Zone 
and no oxygen is used in the second stage combustion Zone, 
the optimum range of replacing the ?rst stage combustion air 
With oxygen becomes much higher than the above range, 
Which depends on the stoichiometric ratio of the ?rst stage 
combustion Zone. 

[0033] Combustion air and combustion oxygen and oxy 
gen-enriched air can be supplied as one stream or as more 

than one stream. The optimal method for delivering the 
oxygen, or substantially enriched oxidant stream, is based on 
maximizing NOx reduction and minimizing retro?t and 
system complexity. Consistent With these objectives, oxygen 
can be delivered to the ?rst combustion Zone by feeding it 
through a lance extending through the burner into that stage, 
or by feeding it through the Walls adjacent to the burner. This 
method provides the highest effect of the increased oxygen 
concentration in the ?rst combustion Zone and alloWs a 
simple lance con?guration to be installed. In addition, With 
this method the local oxygen concentration can be as high as 
the oxygen purity used for the process, Which Will enhance 
devolatiliZation of the fuel particles or droplets even further 
and help anchor the ?ame. This method Would also alloW 
preheated oxygen to be injected Without the concern of 
premature ignition or softening of the fuel. 

[0034] Other aspects of the practice of the present inven 
tion can be carried out in conventional manner Which is 
familiar and readily ascertainable to those of ordinary skill 
in this art. Coal to be combusted is ?rst pulveriZed to a ?ne 
particle siZe permitting it to be fed under gaseous pressure, 
through the feed ori?ce of a burner head for such purpose, 
into a furnace or like combustion device. Burner heads, 
techniques for feeding the pulveriZed coal, and furnaces and 
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other combustion devices useful for combusting coal, suit 
able for use in this invention, are conventional. The sto 
ichiometric ratio, and the oxygen content of the gaseous 
oxidant fed to the combustion Zones, are adjusted by control 
means familiar to those With experience in this ?eld. Com 
bustion of fuel in accordance With the present invention is 
useful for recovering heat for poWer generation or for 
heating purposes. 

[0035] A simple Way to practice this invention is to inject 
oxygen into the Windbox of a loW NOx burner to provide 
oxidiZer gas having the desired increased oxygen content, so 
that the resulting oxidant gas is fed to the entire furnace, 
including to the ?rst combustion stage and making the ?rst 
combustion stage more fuel rich by adjusting the air or fuel 
How to the ?rst stage. This Would be a useful approach for 
staged combustion Where the entire loW nitrogen burner is 
operated fuel rich and over?re air is added further doWn 
stream in the boiler to complete fuel burnout. Another 
approach is to feed the majority of the oxygen to the primary, 
or fuel rich, stage to enhance the reactions forming N2. The 
remaining oxygen is fed to either subsequent stages of the 
loW nitrogen burner, or to over?re air, to promote burnout. 
The most preferred con?guration is to feed all the oxygen to 
the ?rst combustion stage through a lance and to reduce the 
How rate of the ?rst stage combustion air by an appropriate 
amount. 

[0036] Oxygen enrichment can be achieved in a number of 
Ways. One is to simply install a sparger in the boiler Windbox 
so that the desired amount of oxygen mixes With all the 
combustion air before it enters the burner. Although this 
approach is the simplest, the NOx reduction ef?ciency Will 
be reduced as compared to direct injection into the ?rst 
combustion Zone. Another method to deliver the someWhat 
oxygen enriched air to the burner is to pipe a premixed 
(air-oxygen) mixture directly into the ?rst combustion Zone. 
Although this Would lead to better NOx reduction than 
simple mixing in the Windbox, the additional piping and 
Windbox modi?cations required may be less attractive than 
the optimal case. 

[0037] The degree of oxygen enrichment can also be 
varied according to site-speci?c requirements. While it has 
been determined that increasing the oxygen replacement 
above 15% of the stoichiometric oxygen further enhances 
NOx reduction, the current cost of oxygen may make 
replacement of more than 40% of the air uneconomic 
compared to other methods of NOx control. Further, When 
the invention is used in retro?ts to existing boilers and 
furnaces, or installed in neW furnaces With conventional 
designs, there is an upper limit to the amount of oxygen that 
can be provided in place of air before boiler balance is 
detrimentally impacted. This limit is fuel and site speci?c, 
but is commonly 20 to 30% (corresponding to overall 
oxygen contents of 24.8% to 27.4% based on the mixture of 
the total combustion air and oxygen). 

[0038] Another useful aspect of the present invention is to 
preheat the incoming oxygen, or substantially enriched 
oxidant. The preheated oxidant, heated to a temperature of 
up to 1800° F. or even to a temperature of up to 3000° F., Will 
accelerate ignition of the fuel, enhance combustion in this 
Zone, and increase volatile yield. Material issues for process 
piping Will limit the upper temperature. 
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[0039] The invention can also be used to reduce boiler 
NOx by selectively enriching just those burners that have 
been shoWn to produce most of the NOx and unburned 
carbon in a given boiler. 

[0040] The invention can also be used to regain boiler 
capacity that has been lost due to boiler balancing problems, 
such as When a boiler has sWitched from one fuel to a loWer 
heating value fuel. For example, When a boiler sWitches 
from a bituminous coal to a subbituminous coal, the higher 
?ue gas volume associated With a subbituminous coal typi 
cally causes problems With too much heat passing through 
the radiant section and being absorbed in the convective 
section. This often results in a derate of the boiler. HoWever, 
When as little as 5% of the total combustion air is replaced 
With oxygen as part of the invention the ?ue gas volume 
becomes the same as that ?red With a bituminous coal, 
thereby regaining lost boiler capacity. 

[0041] When the present invention is carried out as the 
?rst stage of a staged combustion device having a second 
stage, the combustion products from the ?rst stage (includ 
ing unburned fuel, and ?ue gas) proceed to a second 
combustion stage. Additional air or oxygen is fed to this 
stage, and unburned fuel from the ?rst stage is combusted. 
The combustion in this stage should be carried out so as to 
suppress NOx formation, and preferably to minimize NOx 
formation. Preferably, suf?cient air or oxygen should be 
provided to achieve combustion of the unburned fuel to the 
maximum possible extent consistent With suppressed or 
minimiZed formation of NOx in this stage. 

[0042] Another advantage of this invention is that com 
bustion under the conditions described herein in the ?rst 
combustion stage of a staged combustion device (or in the 
fuel rich region of a staged combustor) provides increased 
devolatiliZation of volatile matter from the fuel, so that the 
amount of char resulting under these conditions is expected 
to be dramatically loWer, resulting in much better burnout 
than in conventional staged devices. 

[0043] Yet another advantage of the present invention is 
that the ?ame in the ?rst (or single) combustion stage is 
better attached to the burner ori?ce. This feature is advan 
tageous because it corresponds to reduced NOx formation 
compared to situations in Which the ?ame is detached from 
the burner, i.e. in Which the base of the ?ame is some 
distance from the burner ori?ce. Furthermore, the replace 
ment of a portion of combustion air With oxygen and more 
fuel rich operation of the ?rst combustion stage result in a 
longer residence time in this stage Which facilitates further 
reduction of NOx formation. 

What is claimed is: 
1. A method for combusting hydrocarbon fuel, compris 

ing: 
feeding into a ?rst combustion stage said fuel and gaseous 

oxidant containing more than 21 vol. % oxygen, at a 
stoichiometric ratio beloW that Which, if the stage Were 
operated With air as the only oxidant, Would produce 
the same amount of NOx, and combusting said fuel 
With said gaseous oxidant in said combustion stage to 
produce combustion products and unburned fuel. 

2. A method according to claim 1 Wherein the average 
oxygen concentration of the oxidant fed to the ?rst com 
bustion stage is 21.8 vol. % to 29 vol. % oxygen. 
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3. A method according to claim 1 further comprising 
heating the oxidant before it is fed to said ?rst combustion 
stage. 

4. A method according to claim 1 further comprising 
combusting said unburned fuel in a second combustion stage 
With additional gaseous oxidant comprised such that the 
average oxygen content of the oxidant fed to said ?rst and 
second stages is in the range of 20.9-27.4 vol. % oxygen 
While removing suf?cient heat from the combustion prod 
ucts and unburned fuel from the ?rst stage to reach a 
temperature loW enough to minimiZe additional formation of 
NOx in said combustion in said second stage. 

5. A method according to claim 1 Wherein the stoichio 
metric ratio in said ?rst stage is beloW that Which, if the stage 
Were operated With air as the only oxidant, Would produce 
the same amount of NOx, but is at least the loWer stoichio 
metric ratio at Which the amount of NOx formed by com 
bustion of said fuel With said oxidant under otherWise 
identical conditions is said same amount. 

6. Amethod according to claim 1 Wherein said fuel is coal. 
7. A method according to claim 6 Wherein the average 

oxygen concentration of the oxidant fed to the ?rst com 
bustion stage is 21.8 vol. % to 29 vol. % oxygen. 

8. A method according to claim 6 further comprising 
heating the oxidant before it is fed to said ?rst combustion 
stage. 

9. A method according to claim 6 further comprising 
combusting said unburned fuel in a second combustion stage 
With additional gaseous oxidant comprised such that the 
average oxygen content of the oxidant fed to said ?rst and 
second stages is in the range of 20.9-27.4 vol. % oxygen 
While removing suf?cient heat from the combustion prod 
ucts and unburned fuel from the ?rst stage to reach a 
temperature loW enough to minimiZe additional formation of 
NOx in said combustion in said second stage. 

10. A method according to claim 6 Wherein the stoichio 
metric ratio in said ?rst stage is beloW that Which, if the stage 
Were operated With air as the only oxidant, Would produce 
the same amount of NOx, but is at least the loWer stoichio 
metric ratio at Which the amount of NOx formed by com 
bustion of said fuel With said oxidant under otherWise 
identical conditions is said same amount. 

11. A method for operating a furnace in Which a hydro 
carbon fuel is combusted, so as to reduce the amount of NOx 
formed by the furnace compared to the amount of NOx 
formed by combustion of said fuel in said furnace With air 
as the only oxidant, comprising: 

feeding into a ?rst combustion stage of said furnace said 
fuel and gaseous oxidant containing more than 21 vol. 
% oxygen, at a stoichiometric ratio beloW that Which, 
if the stage Were operated With air as the only oxidant, 
Would produce the same amount of NOx, and combus 
ting said fuel With said gaseous oxidant in said com 
bustion stage to produce combustion products and 
unburned fuel. 

12. A method according to claim 11 Wherein the average 
oxygen concentration of the oxidant fed to the ?rst com 
bustion stage is 21.8 vol. % to 29 vol. % oxygen. 

13. A method according to claim 11 further comprising 
heating the oxidant before it is fed to said ?rst combustion 
stage. 

14. A method according to claim 11 further comprising 
combusting said unburned fuel in a second combustion stage 
With additional gaseous oxidant comprised such that the 
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average oxygen content of the oxidant fed to said ?rst and 
second stages is in the range of 20.9-27.4 vol. % oxygen 
While removing suf?cient heat from the combustion prod 
ucts and unburned fuel from the ?rst stage to reach a 
temperature loW enough to minimize additional formation of 
NOx in said combustion in said second stage. 

15. Amethod according to claim 11 Wherein the stoichio 
metric ratio in said ?rst stage is beloW that Which, if the stage 
Were operated With air as the only oxidant, Would produce 
the same amount of NOx, but is at least the loWer stoichio 
metric ratio at Which the amount of NOx formed by com 
bustion of said fuel With said oxidant under otherWise 
identical conditions is said same amount. 

16. A method according to claim 11 Wherein said fuel is 
coal. 

17. A method according to claim 16 Wherein the average 
oxygen concentration of the oxidant fed to the ?rst com 
bustion stage is 21.8 vol. % to 29 vol. % oxygen. 

18. A method according to claim 16 further comprising 
heating the oxidant before it is fed to said ?rst combustion 
stage. 
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19. A method according to claim 16 further comprising 
combusting said unburned fuel in a second combustion stage 
With additional gaseous oxidant comprised such that the 
average oxygen content of the oxidant fed to said ?rst and 
second stages is in the range of 20.9-27.4 vol. % oxygen 
While removing suf?cient heat from the combustion prod 
ucts and unburned fuel from the ?rst stage to reach a 
temperature loW enough to minimiZe additional formation of 
NOx in said combustion in said second stage. 

20. A method according to claim 16 Wherein the stoichio 
metric ratio in said ?rst stage is beloW that Which, if the stage 
Were operated With air as the only oxidant, Would produce 
the same amount of NOx, but is at least the loWer stoichio 
metric ratio at Which the amount of NOx formed by com 
bustion of said fuel With said oxidant under otherWise 
identical conditions is said same amount. 


