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INTRODUCTION 

Control of emissions of oxides of nitrogen, or NO”, from fossil-fuel fired combustion systems is 
becoming of increasing interest due to the role of atmospheric nitrogen oxide species in the formation 
of acid rain and photochemical oxidant or smog. High levels ofNOx removal are typically only 
achievahle with expensive post-comhustion technologies employing catalyst heds. This paper descrihes 
a process, called “ComhiNOx”, which is cipahle of achieving high levels of NOx reduction at costs 
significantly helow those of catalytic technologies. The ComhiNOx process consists of threeNOr control 
technologies-rehuining, selective non-catalytic reduction (“agent injection”), and NO, scrubbing- 
which have heen integrated and optimized in a manner which takes advantage of the chemical reactions 
involved in each process to achieve NOx reduction approaching 90 percent. 

The ComhiNOx process has heen studied experimentally using two pilot-scale furnaces. The first series 
of tests were conducted in aone  million Btu/hr down-fired furnace. At this facility, each component of 
the ComhiNOx process was parametrically evaluated. Results from these studies have heen reported 
elsewhere [l]. Pilot-scale tests at 10 million Btu/hr were also conducted to address process scale-up 
issues. This paper presents selected results of hoth series of experimental studies as well as kinetic 
modeling studies performed to aid in interpretation of the experimental results. 

BACKGROUND 

The technologies involved in the ComhiNOx process have heen extensively studied in small scale 
comhustion tests and demonstrated in a wide range of industrial applications. In general, the glohal 
chemical mechanisms involved in the processes are considered relatively well-known. The three 
technologies used in the ComhiNOx process are desctihed in the tbllowing. 

Reburning. The rehurning concept was first investigated nearly two decades ago [2]. This process 
consists of injecting a portion of fuel downstream of the primary comhustion zone to drive the flue gas 
stoichiometry slightly fuel rich. In this “rehuming zone”, the NOx generated in the primary zone is 
reduced to molecular nitrogen. Downstream of the rehurning znne, addilional air is injected to complete 
comhustion of the unhurnt products from the rehurning zone. Bench and pilot scale studies have 
identified the general requirements for applying the process to industrial comhustion systems [34] .  
Recently, demonstrations of the rehurning process employing natural gas as a rehurning fuel have been 
performed on coal-fired utility hoilers [5-61. 

Agent Injection. Selective non-catalytic reduction, or agent injection, technologies consist of the 
injection of amine-producing agents into post-comhustion flue gases. Typical agents include ammonia 
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and urea. These agents must he injected into a narrow temperature window generally centered about 
1850'F. Injection of the agent at too high of a temperature can cause oxidation of the agent resulting in 
increased NOx emissions, while injection of the agent at too cold of a temperature can lead to excessive 
by-pmduct emissions, such as unreacted NH,. The fundamentals ofthe process have heen described in 
the literature [7-81. Reagent injection for NOx control has heen applied to full-scale utility boilers [9- 
lo]. The results of these and similar tests have shown that the process is extremely sensitive to the gas 
temperature and that broad temperature distributions at the point of injection of the agent can limit 
performance. 

NO, Scrubbing. Studies have shown that it is possihle to scruh NO, with conventional SO, scrubher 
solutions provided that the solution is slightly modified [ I l l .  The ComhiNOx process exploits this 
phenomena by injecting methanol into the flue gas downstiram of the rehurning and agent injection 
processes to convert any remaining NO to NO,, and then scruhhing the NO, in a conventional wet 
limestone SO, scrubher operating with a modified scruhhing liquor. Although methanol injection has 
been evaluated at full utility hoiler scale as a means of reducing ammonia slip from SNCR systems [ 121, 
the integrated NO, scruhhing process has yet to he demonstrated in a practical system. 

ADVANCED REBURNING 

In practice, agent injection performance is extremely .sensi- 
tive to flue gas temperature at the injection point. However, 
in the presence of oxidizing CO, the dependence of the 
process on injection temperature is significantly reduced 
[ 121. The ComhiNOx process furnishes oxidizing CO by 
injecting rehurning fuel upstrcam of the reducing agent. The 
EER patented comhination of rehuming and agent injec- 
tion, called Advanced Rehurning, comprises the first two 
steps of the CornhiNOI process. 

Figure 1 shows schematically how Advanced Rehurning 
was experimentally evaluated. A high-volatile hituminous 
coal Was used ils the primary fuel, while natural gas was 
used as the rehurning fuel. The process can he divided into 
three zones: the region hetween the ton of the furnace and 

m m s r y  zone 

I I - 
the rehum fuel injectors is referred to as the primary zone, 
the region hetween therehurn fuel injectors and the hurnout 
airportsis the reburning zone, the region downstream of ihe 
burnout air ports is refeired to as the humout zone. In thest: experiments, urea was injected within the 
reburning zone. The Advanced Rehurning parameters evaluated included: rehurning zone stoichiometry 
(or C O  level). uwa injection temperature, and hurnout air injection location. 

The effect of rehurn zone stoichiometry on urea perfoimance was evaluated to determine the impacts of 
C O  oxidation on theoptimal temperature window and achievable NOx reductions. The chain hranching 
de-NOx reactions of importance are summarized helow [ 131: 

Figure 1. Advanced rebumiiig pilot scale 
t c h g  schematic. 

NH, + OH -> NH, + H,O 
NH, + NO -> N2 + H,O 
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high, and NH, will he oxidized rather 
than react with NO to fnim molecular 
nitrogen. If temperatures are too low, 

Figure 2 also shows the predicted effect ofc&njecting urea with the equivalent of 3000 ppm CO into 
two different stoichiometric environments. At higher stoichiometries, CO will oxidize more readily and 
generate more radicals, improving urea performance at lower temperatures. hut worsening performance 
at higher temperatures. At the lower stoichiometry, feweradditional radicals a= generated and thecurve 
is not shifted as far to cooler temperatuws. An interesting point is that the SR=1.2 curve is broaderat the 
hottom, hut ri.ws more steeply ils injection temperature inc rews  than the SR=1.02 curve. The 
explanation may he that the increase in radicals at the high temperature side is relatively less for the 
SR=1.02 case than for the SR=1.2 case, resulting in relatively less oxidation of NH,. 

SR=l.(E (CO=SMNtppni) 0 SR=I.Z (CO=O) 

0 S k I . 2  (CO=3tKkl ppin) 
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The design and operating conditions of a 
particular actual comhustion system will sig- 
nificantly influence the amount of CO pro- 
duced at a given stoichiomctry. In the pilot- 
scale tests, the rehurning zonc stoichiometry 
was varied toevaluate the impactofrehurning 
zone CO and 0, levels on urea performance. 
Figure 3 shows the effect of rehurn zone 
stoichiometry on the urea temperature win- 
dow for the small (one million Btu/hr) pilot- 
scale tests. As the rehurn z(me stoichiometry 
drops,CO increases and 0, decreases and the 
temperature window hroadens with the opti- 
mum injection temperature at 1850°F. For a 
rehum zone stoichiometry of 1.02. the win- 
dow not only hroadens, hut deepens as well, 
indicating that this unique comhinition ofCO 
and 0, provides an optimum amount ofradi- 
cals. When SR, was more fuel-rich than this 
optimum. the curve shifted to the left rather 

I I I I I 
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Figure 3. Ellect 1 1 1  IixA CO concentration (SR) on 
urea perfiirnxuice :II smnll pilot scale. 

than hroadening. This result is helieved to he due to an overabundance of radicals at the high 
temperature level. 

Because the flue gas flow in the sinall pilot-scale furnace is laminar, the mixing properties are not 
representative of a hoiler. Also, flue gas temperature quench rates are much lower than on an actual full- 
scale hoiler. Therefore, the IOmillion Btdhr 
tests were designed to provide information 
on advanced rehurning performance in the 
presenceoflarge scale turbulent mixing phe- 
nomena and at more realistic quench rates. 

1110 Urea WJS in.jected at various temperatures 
forrrhumingzonestoichioinetriesfrom 1.05 90 

to 0.99, which produced CO concentrations g xo 
in the rehurning zone ranging from I .50() to 

,[~ 
I5,000 ppm, respectively. These results are 2 
presented in Figure 4. Contrary to the small '(I 

pilot-scale results, the stoichiometry of the 2 SO 

reburning zone did not appear to have a large 8 dll 
effect on either the optimum injection tem- 
perature or NO reduction. It is hypothesized 
that the CO enhancement relies on mixing to 
distrihute OH radicals to the SNCR agent 
uniformly. At large scale. higger pockets of 
CO and 0, c rxx i s t ,  yielding non-uniform 
concenuations of radicals, and ultimately 
failing to promote the &NOx chemistry as 
well. It may he stated however, that the SR = 

- ... 

g 311 1 
Primary Pucl: Cad 

Bumnut air ilijccled with urea 

ISfXI I ( i t l l l  17(10 IXOU 1900 2oM) 2100 
lire:! Injeclion Temperature ("F) 

Ellect i l l  rehuni m i e  slttichiciinetry on urea 
perlor1n;ince :it luge pilot scale. 

Figure 4. 
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1.20 c u e  whert: no rehurning is per- 
formed (no CO promotion) upstwam 
of urea injection yielded the narrowest 
temperature window. 

The final Advanced Rehurning pa- 
rameter of interest is the location of 
burnout air injection to complete com- 
bustion ofthe rehurning fuel. Figure 5 
shows overall NOx reduction (due to 
rehuminganduEainjection)Ilsafunc- 
tion of hurnout air injection tempera- 
ture (location) for optimum rehurn 
zone stoichiometry and urea injection 
temperature. At small pilot-scale, NOx 
reduction improves as the hurnout air 
is moved away from the urea injection 
point. This is prohahly hecause down- 
stream air prolongs the urea residence 
time in the “optimum” radical envi- 
ronment. Also shown in the figure are 
the large pilot-scale data. NOx ~ d u c -  
tion did not vary with burnout air loca- 
tion at large scnle. From an application 
standpoint, this is important in that it is 
lessexpensive to retrofit Advanced Re- 
hurning to a hoiler if the hurnout air and 
reductionagentcan hein,jectedthrough 
the same openings. 

Figure 6 presents Advanced Rehurning 
NOx reduction levels as a function of 
rehurn zone stoichiometry and urea in- 
jection temperatureat large pilot-scale. 
Compared to traditional agent injec- 
tion, the Advanced Rehurning process 
offers a wider range of urea injection 
temperatures and significantly im- 
proved reduction performance up to 84 
percent. 

METHANOL INJECTION 

The third step of the ComhiNOx pro- 

Coal Primary Fuel 

Urea Iujected a1 1 XO “F 
Solid Synihol: I mni Btu/hr Pilot Scale 
Open Synihol: IO miii Btuhr Pilot Scale 

90 Natural Gas Rehuriiing Fuel 
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70 
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Figure ti. Effect of burnout air injection temperature on 

Adv:uictxJ Rehuniiug perfnrmnnce. 
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cess, methanol injection, is performed 
downstream of the Advanced Rehurning 
process. The methmol is intended to 
convert the Noremaining after Advanced 
Rehuming to NO,. Since NO, is very 
water soluhle, it can subsequently he 
removed in wet SO, scruhher operating 
with modified liquor. Based on previous 
kinetic studies, the reaction mechanism 
for the methanol step is [16]: 

CH,OH + OH -> CH,OH + H,O 

CH,OH + 0, -> CH,O + HO, 

HO, + NO -> OH + NO, 

Figure7summari~stheeffect ofmetha- 
no1 injection temperature on the conver- 
sion efficiency of NO to NO,. Depnd-  
ing on residence time and temperature, 
the model predicts an optimum injection 

NO.=Z15 ppm 
CH30H=400 ppm 

Figure 7. Prrdicted effect of temperature and residence lime 
on metlnnol perfonnnnce. 

temperature of between 1500 O F  and 1800 "F. Complete conversion was shown to he theoretically 
possible, with an optimum injection temperature of 1550 "F and a wsidence time of 0.1 seconds. 

Experiments were conducted to verify 
the modeling results at hench- and one 
million Btdhr  pilot-scale. At hench- 
scale. a simulated flue gas was com- 
hined with vaporized methanol and 
introduced into a quartz tuhe reactor. 
The reactor temperature and residence 
times were varied to evaluate their 
impact on NO conversion. At pilot- 
scale, methanol was injected into natu- 
ral gas comhustion products at various 
locations (temperatures) and the re- 
sulting NO and NOx levels were re- 
corded. The residence time at the opti- 
mum injection temperature (+/- 50°F) 
is approximately 6O() msec. Figure 8 
shows that the pilot-scale result for 
natural gas comhustion products and 
the bench-scale data for the same resi- 
dence time agree quite well. 

The experimentall y - d e t e ~ i n e d  opti- 
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mum methanol injection temperature ranged from 1150°F to 1300°F, which is significantly lower than 
that predicted hy the model. However, the expcrirnental data were ohtained at a residence time of 0.6 
second residence time. while the predictions were performed [or 0.1 second residence time. Additional 
modelling is planned to determine if increasing the Esidence time availahle for methanol reactions shifts 
the optimum injection temperature to lower levels. 

CONCLUSIONS 

These studies have shown the intluence ofthe main parameters controlling performance of the Advanced 
Rehurning process. Close coupling of the C O  level in the reburning zone and the temperature at which 
theagent isinjected isneeded tooptimiw NOxreduction. Studies ofthcmethanol injection stepin bench- 
and pilot-scale reactors have shown that conversion of the NO remaining from the Advanced Reburning 
process to NO, is feacihle. 

In conclusion. the ComhiNOx process, consisting of Advanced Rehurning and methanol injection 
comhined with NOx scruhhing, is a promising retrolit technology lor coal fired utility hoilers. The 
Advanced Rehurning purtion has heen demonstrated at IO millionBtu/hr pilot scale to reduce NOx 
emissions hy 84 percent. The complete process has the potcntial tn  reduce NOz emissions by 90 percent. 
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