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ABSTRACT: Nitrogen oxide (NO ) emissions from a rebuils kraft
recovery furnace slightly exceeded the specified limit of 1.1 lo/ton
(0.55 kg/metric ton) of black-liquor solids. Mill trials were
undertaken to determine whether NO, emissions could be minimized
by modifying firnace operation. NO_emissions increased when
secondary air was shifted to tertiary ports. NO_emissions fell when
the amounts of primary and total air were decreased, but this
increased emissions of other pollutants. After demonstrating that best
operation of the fisrnace could not meet the permit limit for NO.
emissions, the mill received a new permit with an emissions limit that
matched the furnaces performance at best operation.

KEYWORDS: Air, carbon monoxide, combustion, emission, emis-
sion standards, evaluation, nitrogen oxides, recovery furnaces.

jor energy and recovery modern-
ization project for its mill in Camas,
WA, in 1988. A key element of the
project was the rebuild of a 1956
Babcock & Wileox kraft recovery fur-
nace to increase its firing capacity to
1.9 million 1b (0.86 million kg) of solids
per day. The air permit obtained for
the rebuild identified boiler design and
operation as the best available control
technology for control of nitrogen ox-
ides (NO ). ANO_emissionrate of 1.1
Tb/ton (0.55 kg/metric ton) of virgin
black-liquor solids (BLS) was adopted
based on published emissions data (1,
2).

Performance testing done after

games River Corp. proposed a ma

completion of the project showed NO_
emissions of 1.17Ib/ton (0.58 kg/metric
ton) BLS. Therefore, the mill initiated
aproject to study NO_emissions from
kraft recovery furnaces. The project
goalswere toidentify operational tech-
niques for controlling NO_and to de-
termine whether emissions could be
reduced using any of these techniques.

NQ_formation in recovery
furnaces

The formation of NO, during combus-
tion oceurs by two mechanisms:

° Fuel NO —oxidation of fuel-bound
nitrogen
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° Thermal NO —oxidation of nitro-
gen present in the combustion air.

The formation of fuel NO_is prima-
rily dependent on fuel nitrogen content,
fuel properties, temperature, and the
stoichiometric conditions present dur-
ing combustion. The major variables
influencing the formation of thermal
NO, are flame temperature, oxygen
content in the flame zone, and gas resi-
dence time at high temperature, which
is determined by the configuration of
the combustionunit. The degree of ther-
mal NO, formation tends to increase
with temperatures above approximately
2400°F (1300°C), particularly when the
oxygen concentration in the combus-
tion zone is 2% or greater (3).

It is believed that the majority of
NO, emitted fromrecovery furnacesis
the result of fuel NO, formation (4).
However, as will be seen in this work,
peak combustion temperatures some-
times exceed 2400°F, soitis likely that
some thermal NO_ also is formed. At
this time, it is unclear what portion of
theemitted NO _isattributable tother-
mal NO_formation.

NO_emissions from older kraft fur-
naces with direct-contact evaporators
have traditionally been low compared
with fossil-fuel-fired boilers. Thelower
NO, emissions were a function of fur-
nace design and operation mode. Tem-
peratures in the hearth were usually
below 2100°F because of the high lev-
els of moisture in the liquor being fired
and because of either excessive or in-
adequate charbed cover. Furthermore,
black liquor with a high moisture con-
tent (33—40%) limits flame tempera-
ture. NO_emissions were typically in
the range of 3065 ppm (7, 2).
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I. Characteristics of virgin black liquor*

1. NO, emissions as a function of tertiary air

Il. NO, and CO emissions at various levels of
primary air*

Component Content, %
Solids 71.82
Ash 35.36
Carbon 37.07
Oxygen 33.54
Sodium 18.25
Sulfur 4.48
Hydrogen 3.55
Potassium 1.54
Chliorine 0.64
Nitrogen 012
*Gross heating value = 6110 Btu/lb
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TERTIARY AIR, %

Primary NO,, CO, ppm
air, % Ib/ton of BLS (at 8% O,)
34 0.71 135

31 0.64

28 0.62 236
25 0.60 301

*Tertiary air held constant at 16% of
totat air flow

The advent of the low-odor recovery
furnace has led to furnace operating
conditions that produce higher NO_
emission rates. Black-liquor solids are
typically in the range of 70-73%, re-
sulting in higher flame temperatures.
Also, excessairismaintained at ahigher
level in an effort to maximize the con-
version of total reduced sulfur (TRS)
compounds tosulfur dioxide. NO,_emis-
sions from low-odor furnaces range
from 77 ppm to 140 ppm (5-7), depend-
ing onthe moisture content of the black
liquor, the amount of excess oxygen in
the combustion gas, and the air distri-
bution.

NO, control strategies

Control strategies for NO_ emissions
fallinto one of three categories: precom-
bustion control, combustion modifica-
tion, or postcombustion controls (8, 9).

Precombustion controls include
changing of fuels and increasing the
moisture content of the fuel being
burned. Combustion control techniques
are quite varied. They include firing
with low excess air, staged air combus-
tion, staged fuel combustion, flue gas
recirculation, water injection, and low-
NO, burners. Common postcombustion
control techniquesinclude noncatalytic
reduction by ammonia and urea injec-
tion and reduction with ammonia over
catalysts.
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Most ofthese control techniques are
impractical or have not been demon-
stratedin akraft recovery furnace (10).
The two control strategies that offered
the greatest potential forreducingNO_
emissions were

* Optimizing staged-air combustion
¢ Firing with low excess air.

Trials were undertaken to evaluate
these control techniques.

Experimental procedures

Each trial was run for a time period of
3-6 h. Only the data collected for one
hour after the furnace operating condi-
tions had been adjusted were used for
thepurposes of thisstudy. Unless speci-
fied otherwise, combustion air flows
were adjusted to maintain the oxygen
contentinthe generatorsectionat1.5%.

Flue-gas characteristics were mea-
sured using continuous emission moni-
tors for NO , CO, TRS, and oxygen.
Temperatures at the level of the liquor
gun in the recovery furnace were mea-
sured using aradiometerfrom E2Tech-
nology.

One-hour averages of furnace oper-
ating conditions (air flows, tempera-
tures, firing rate) were measured for
each trial. Samples of virgin and as-
fired black liquor were taken during
each trial. The samples were analyzed
for solids, ash, heating value, and el-

emental composition (C,0,Na, S, H, K,
Cl, N). Average characteristics for the
virgin black liquor are listed in Table I.
The liquor nitrogen content re-
mained constant throughout the trials.
As-fired liquor typically had a heating
value of 5930 Btw/lb, solids of 73.4%,
and ash content 0f36.9%. Except where
noted otherwise, all emissions were
calculated on an as-fired liquor basis.

Results and discussion

Several aspects of furnace operation
were examined for their influence on
NO, emissions. The eoncept of staged
combustion was investigated by ob-
serving the effect of shifting air among
the three air ports (primary, second-
ary, and tertiary) on NO_emissions.
The effect of excess air on NO_emis-
sions was determined by varying the
oxygencontentinthe combustiongases.
These trials were conducted while fir-
ing 1.44 million Ib (0.65 million kg) of
liquor solids per day (756% of capacity)
for ease of operation. Other trials were
runtoinvestigate the influence of firing
rate on NO,_ emissions. Finally, a few
runs were conducted at the design fir-
ing rate to see what ditferences existed
in NO_emissions between operation at
75% design capacity and 100% design
capacity.



2. NO, emissions and temperatures at liquor-gun level as functions of 3. Emissions of several pollutants as a function of excess oxygen in

tertiary air (primary air = 31%)
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lIl. NO, emissions at various liquor firing rates*

Firing rate, NO,, ppm
gal/min (at8% O,)
115 43
125 45
165 57
170 59
200 65
*Oxygen in generator section
maintained at 1.4-1.6%

Staged combustion

The staged-air concept was evaluated
by conducting three sets of trials that
involved shifting combustion air among
the three furnace zones. All of these
trials were conducted at a black-liquor
firing rate 0of 125 gal/min (1.44 million1b
solids per day). Two sets of trials in-
volved holding the amount of primary
air steady and shifting air from the
secondary to the tertiary levels. An-
other trial involved shifting primary
air to the secondary ports and holding
the amount of tertiary air constant.
Oxygen in the combustion gas in the
generator section was maintained at
1.5% for all trials.

Forthefirsttrial set,the percentage
of air going through primary air ports
was held constant at 34% of the total air
flow of 278,000 1b/h (126,000 kg/h), and
secondary air was shifted to tertiary
ports. Results from this set of trials

indicated that a low amount of tertiary
air (16%) gave the lowest NO_ emis-
sions, as seen in Fig. 1.

During the second set of trials, ter-
tiary air was held constant at 16% of the
total air flow of 278,000 Ib/h, and pri-
mary airwas shifted tosecondary ports.
While decreasing the amount of pri-
mary air did result in lower NO_emis-
sions, CO emissions increased sig-
nificantly, as seen in Table IL. Smelt
reduction efficiencies ranged from 85%
at 34% primary air to 92% at 25% pri-
mary air. The results of this set of trials
indicated that an optimum amount of
primary air was 31% of the total air
flow.

For the third set of trials, air flow
through the primary ports was held
constant at 31% of the total air flow of
273,000 Ib/h, and secondary air was
shifted to tertiary ports. Once again,
the NO_emissions increased as air was
shifted to the tertiary ports, as seen in
Fig.1.Thiseffect wasmore dramaticat
31% primary air than at 34% primary
air. The conclusionfollowing these three
trials was that the optimum air distri-
bution for minimizing NO_ and CO
emissions was 31% primary, 53% sec-
ondary, and 16% tertiary.

To better understand these test re-
sults, it is helpful to review the manner
in which combustion air at the three
different levels influences the combus-
tion processes. Primary air is intended
to supply just enough oxygen to main-

tain the reducing environment at the
char bed surface while creating com-
bustibles and burning out char carbon.
Secondary air has several functions—
drying and devolatilization of the Li-
quor droplets, char combustion, and
control of SO,, TRS, and CO levels in
the combustion gas. Tertiary air sup-
plies the oxygen needed to complete
combustion of the organics liberated
from the char bed and to oxidize the
TRS gases.

Published information shows that
the temperature profile of a kraft re-
covery furnace ranges from approxi-
mately 1800°F (980°C) at the bed
surface to more than 2400°F (1315°C)
at a point between the secondary air
ports and the liquor guns. Tempera-
tures then decrease to about 1000-
1100°F (540-590°C}) at the entrance to
the generator section (17-13). The ob-
jective of staged combustion is to re-
ducepeak combustiontemperature and
thus lower NO_formation. We hypoth-
esized that shifting air from the sec-
ondary to tertiary air ports would
increase the length of the combustion
zone while reducing the peak combus-
tiontemperature. This, in theory, would
lead to lower NO_emissions.

As Fig. 1 showed, shifting air from
the secondary to the tertiary ports led
to increased NO, emissions. This can
be explained by the temperatures at
the liquor-gun level, as seen in Fig,. 2.
Astheamount of tertiary airincreased,
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so did the temperature at the liquor
gunlevel. Thiswould indicate that shift-
ing secondary air to the tertiary ports
tends to increase the destruction of
organics at or near theliquor-gunlevel.
Consequently, the goal of reducing
peak temperatures by shifting more of
the organics combustion to the upper
portion of the furnace (above the gun
liquor level) was not achieved by in-
creasing the amount of tertiary air.

Thereductionin NO_formationand
subsequent increase in CO emissions
when the primary air was reduced in-
dicates that the amount of primary air
critically affects pollutant emissions.
Therefore, the lower portion of the
furnace (between the primary and sec-
ondary air ports) can be a significant
source of either NO_or CO formation,
depending on the amount of primary
air supplied.

Firing with low excess air

One set of trials involved reducing the
total amount of combustion air in the
furnace while maintaining the same
proportion of air to each of the three
levels of ports. Figure 3 shows that
NO, emissions decreased by approxi-
mately 30% as the excess oxygen con-
centration in the combustion gas was
reduced from 1.7% to 1.0%. However,
emissions of CQ increased five-fold.
The results indicate that the practice
of firing with low excess air to restrict
NO, formationislimited by the tradeoff
betweentheformationof NO_andother
pollutants such as CO and TRS. This
phenomenon has alsobeen observedin
other work (14).

Firing rate

NO, emissions climbed steadily as the
firing rate increased, as seen in Table
II1. There are two possible explana-
tions for the increase in emissions. Ob-
viously, the introduction of additional
liquor means that there is more fuel
nitrogen available to form fuel NO . In
addition, an increase in the firing rate
could increase the temperature to the
point that it would become a factor in
the formation of thermal NO..

118 January 1993 Tappi Journal

Emissions at design firing rate

Several trials were run in which air
was shifted among the various levels
while firing at the design rate of 1.9
million Ib/day. The same trends ob-
served at the lower firing rate held
trueatthedesignfiringrate. NO_emis-
sions increased when tertiary air was
inereased and decreased when primary
air decreased. However, the change in
emissions was not very significant, in-
dicating that staged combustion is not
an effective strategy for reducing NO_
emissions at design firing rate. Typical
NO, emission rates measured over a
24-h period while firing at design rate
were 1.20-1.30 Ib/ton of virgin BLS.

Summary

Two techniques for controlling NO_
emissions were investigated: staged-
air combustion and firing with low ex-
cess air. Results showed that both
strategies are of limited effectiveness
in controlling NO_emissions.

Operating with a minimum of pri-
mary and tertiary air gave the lowest
NO, emission rates. NO_ emissions
were also reduced by limiting the total
amount of combustion air. However,
reducing the amount of primary air
and total air increased CO emissions.
Obtaining the proper balance of air
distribution and.the amount of com-
bustion airis crucial in controlling emis-
sions of NO , CO, and other pollutants.

Theresults of this project were pre-
sented to the Washington Department
of Ecology to show that best operation
of the recovery furnace could not meet
the permit limit. As a result, the NO_
emission limit was raised to 1.3 lb/ton
of virgin BLS.
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