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Influence of Fuel on the Emission of
Nitrogen Oxides (NO and N,0)
From an 8-MW Fluidized Bed Boiler

L.-E. AMAND and B. LECKNER

Department of Energy Conversion, Chalmers University of Technology, S-412 96 Goteborg, Sweden

Emissions of nitric oxide (NO) and nitrous oxide (N,0) from an 8-MW circulating fluidized bed boiler have been
measured. The influence of the volatile content of the fuel was investigated by using three different fuels and
operating the boiler at different bed temperatures, primary air stoichiometries, and excess air ratios. The
measurements show that the emissions of NO are extremely low and dependent upon the char loading of the boiler
as well as on the existence of unburned combustible matter such as CO and H, in the gas phase. The char content
and CO levels are influenced by the fuel, the bed temperature, and the air-to-fuel ratio in the combustion chamber.
The levels of N,O emission are high and caused by the low temperatures used in fluidized beds. The N,O emission
is influenced by bed temperature and oxygen concentration as well, but the influence of bed temperature is opposite
compared to the dependence of bed temperature on the NO emission.

INTRODUCTION

The paths of formation and destruction of NO and
N,O in fluidized bed combustion are complex and
not fully known. In addition, the present knowl-
edge is difficult to apply on results from an
existing fluidized bed boiler. Full-scale tests are
therefore needed to obtain a better picture of the
actual levels of emissions and if possible to track
the reasons for the levels and trends of the emis-
sions.

The aim of the present test program is to study
the influence of the volatile content of the fuel on
the emissions of NO and N,O by means of a
systematic variation of the influencing parame-
ters, bed temperature, excess air ratio and pri-
mary air stoichiometry in test boilers of 8-12
MW but otherwise similar to large-scale commer-
cial circulating fluidized bed (CFB) boilers.

EXPERIMENTAL
The Boilers

The tests were run in an §-MW CFB boiler
designed by Gotaverken Energy in 1981 (Fig. 1).
The combustion chamber is built up by mem-
brane tube walls. The height is 8.5 m and the
Copyright © 1991 by The Combustion Institute

Published by Elsevier Science Publishing Co., Inc.
655 Avenue of the Americas, New York, NY 10010

cross section is about 1.8 m?. The walls are
refractory-lined at the bottom. The bottom plate
is plain and manufactured by membrane tubes as
well. The primary air is introduced through noz-
zles welded between the tubes of the bottom
plate. Secondary air is introduced through an air
register located 1 m above the bottom of the
combustion chamber. The secondary air register
consists of rectangular ports in the fins of two of
the four membrane walls located opposite each
other on the same sides as the fuel and material
coming from the cyclone return leg are intro-
duced. The fuel is fed with a screw to the bottom
of the combustion chamber as close as possible to
the bottom plate. The fluidizing velocity is nor-
mally in the range of 3-6 m/s. The entrained bed
material is captured in a hot cyclone of van
Tongeren type that is refractory-lined as well.
The separated particles are passed back to the
combustion chamber through a return leg and a
conventional particle seal. Silica sand was used as
a bed material. No limestone was added during
the test program. The boiler is further equipped
with a data-acquisition system and on-line gas
analyzers for fast and accurate sampling of data
needed in the research program.

A few complementary tests were run in the
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Fig. 1. Schematic picture of the boilers.
1—Fuel feed screw. 2—Combustion chamber with fluidized
bed. 3—Cyclone. 4—Particle return leg.

N

12-MW CFB boiler located in Chalmers Univer-
sity of Technology. This boiler has the same
features as that shown in Fig. 1, with a height of
14 m and a cross section of about 2 m?.

The Fuels

The three fuels used were brown coal from the
German Democratic Republic, a bituminous coal
from Pennsylvania (USA), and a petroleum coke
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from a Dutch oil refinery. The fuel characteristics
are listed in Table 1. The brown coal ash and the
brown coal bed contain high levels of CaO and
Fe,0; compared to the bituminous coal and
petroleum coke, which is important for the results
of the tests with brown coal. k

The results are reported in the form of result-
ing fuel-nitrogen conversion to either NO or
N,O. The nitrogen content of the fuel is critical
for the accuracy of the calculation of this conver-
sion. The analysis of the fuel have therefore been
carried out at three different commercial coal
laboratories, where the coal samples originate
from the same general test. The procedure was
repeated again after 3 months. The instruments

used for the determination of the nitrogen content

were elementary analyzers, where two of the
laboratories used a LECO CHN-600 and the third
laboratory a similar instrument from Carlo-Erba.
The errors in determining the nitrogen content
were estimated to be less than 5% of the values
given in Table 1. The nitrogen leaving with the
unburned char of the fly-ash is excluded from the
calculation of the fuel-nitrogen conversion. Dif-
ferent combustion efficiencies caused by different
fuel reactivities or operating conditions would
therefore not affect the calculation of fuel-nitro-
gen conversion.

The Tests

The general aim in a parameter study is to vary
one influencing parameter at a time, keeping all
the others constant. Such a variation is difficult to
carry out in practice because in a CFB reactor
many parameters are intimately connected to one
another. The hydrodynamic behavior of the
boiler, for example, is connected to the heat
transfer and the resulting temperature profile as
well as the combustion process that is closely
connected to the NO chemistry. Changing the
relation between the primary and secondary air,
for example, leads to influence on

the air-to-fuel ratio in the bottom zone (which is
desired),

the devolatilization and combustion of volatiles
and thereby the release of volatile nitrogen,
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TABLE 1

Fuel Characteristics

Bitu- Petro-
Brown minous leum
Coal Coal Coke
(German  (Penn-
Dem. sylvania, (0il
Rep.) USA)  refining)
Size, mass mean (mm) 4 6.5 7
% smaller than 1 mm 0 11 14
Volatiles % maf 53.1 35.5 14.3
Proximate analysis (%)
Combustibles 80 87 91
Ash 5 7
Moisture 15 6 7
Ultimate analysis (% maf)
C 67.1 82.7 89.8
H 4.9 5.2 4.1
(0] 25.9 8.8 2.7
S 0.8 1.6 2.0
N 0.9 1.7 1.4

Volatile nitrogen (% maf) 49.0 39.3 25.9
Ash analysis (%)

P,0s 0.02 0.54 0.45
0.05)%>  (0.09)% (0.04)®
Sio, 20.6 46.9 49.0
90.5)  (95.4)  (97.1)
Al,O, 570 237 22.7
222) (@32 (122
Ca0O 17.5 3.50 3.21
4.41)  (0.36)  (0.56)
Fe,0, 25.9 15.3 13.7
(2.11)  (1.06)  (0.58)
MgO 4.28 1.10 0.94
0.33)  (0.22)  (0.10)
MnO 0.28 0.03 0.04
0.02) (0.01) (0.01)
TiO, 0.27 1.04 1.12
0.14)  (0.16)  (0.07)
BaO 0.12 0.07 0.10
0.03) (0.02) (0.01)
Na,O 0.20 0.61 0.68
0.14)  (0.19  (0.12)
K,O0 0.42 1.64 1.66
022) (0.23)  (0.21)
S0, 23.5 4.6 3.1

0.1) 0.1 0.1)

“The brown coal was supplied as uniform cylinders, diame-
ter 60 mm, length 35 mm.

>The composition within brackets is corresponding bed
material. As makeup bed pure silica sand has been used.

TABLE 2

NO-Influencing Parameters
(P Primary, S Secondary, D Design)
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No. Type Name

1 P Bed temperature (bottom)

2 P Total excess air ratio

3 P Primary air stoichiometry

4 S Primary air ratio (from No. 3)
5 P Fluidizing velocity

a. Load
b. Flue gas recirculation

6 P,S Sort of bed material and size

7 P Fixed carbon content in fuel

8 S Char content bed

9 S CO concentration in combustion
chamber

10 S Temperature distribution in
combustion chamber and cyclone

11 S Density at the top of the
combustion chamber

12 D Height of combustion chamber

13 D Design of the combustion chamber
(bottom and outlet to cyclone)

14 D Location and design of secondary
air nozzles

15 D Cyclone efficiency and recycling

rate from cyclone

the combustion of the char and thereby the re-
lease of char nitrogen, ‘

the density profile along the combustion chamber,
and

the internal recirculation of bed material in the
combustion chamber as well as the external
recirculation flow across the hot cyclone.

In order to sort out this rather confusing picture,
a definition of the influencing parameters is given
in Table 2, where the parameters have been
divided into three groups—primary (P), sec-
ondary (S), and design parameters (D). Out of the
parameters in Table 2, numbers 1, 2, 3, and 7
have been varied, one at a time, since these are
considered to be the most important ones. The
total air flow (primary + secondary air) has al-
ways been kept constant and therefore parameter
5b has been used to achieve the proper operating
conditions. The parameter 8, 9, 10, and 11 have
been free, but special attention to these is neces-
sary and they are therefore reported qualitatively
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TABLE 3

Variation of Secondary Parameters (Table 2) During the Bed
Temperature Series®
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TABLE §

Variation of Secondary Parameters (Table 2) During the
Excess Air Series”

Brown Bituminous Petroleum

Brown Bituminous Petroleum

Parameter Coal Coal Coke
Char content, bed (%) 0.3 N 7.5 - 19.5 N
Char content, 0 - 1.1 N 8.2 N
return leg cyclone (%)

CO (2.8 m, %) 50 7 35 N 1.2 N
CO (8.5m, %) 1.1~ 1.0 ™ 0.3 N
Temp. top (°C) » 813 ~ 810 ~ 810 ~
Density top (kg/m>) 2.8 N 29 N 2.6 ™

Parameter Coal Coal Coke
Char content, bed (%) 0.3 N 7.5 ™ 19.5 N
Char content, 0 - 1.1 N 8.2 N
return leg cyclone (%)

CO (2.8 m, %) 3.5 1.2 N

50 N N
CO (8.5m, %) 1.1 N 1.0 X 03 N
Temperature top (°C) 813 810 810 ™
Density top (kg/m>) 2.8 \ 29 N 2.6 N

“Values are given for the reference case and the tendency at
increasing bed temperature.

for each test series (Tables 3-5). A few other
important factors have not been characterized.
These are the penetration of secondary air into
the combustion chamber and the devolatilization
zone including the mixing with air and subse-
quent combustion. The CO levels reported in
Tables 3-5 are sampled in the combustion cham-
ber at a height of 2.8 m above the bottom plate
and also in a location just before the hot cyclone.
A substantial burning of CO takes place in the
cyclone and the CO emissions in the stack never
exceed 300 ppm.

As a starting point for the parameter study a
reference case is defined as a run with a bed
temperature of 850°C, an excess air ratio of
1.25, and a primary air stoichiometry of 0.8.
Each parameter in the three series, the bed tem-
perature series, the primary air stoichiometry se-

TABLE 4

Variation of Secondary Parameters (Table 2) During the
Primary Air Stoichiometry Series.?

Brown Bituminous Petroleum

Parameter Coal Coke

Char content, bed (%) 0.3 — 7.5 N 19.5 ~
Char content, ' 0 - L1 N 82 ™
return leg cyclone (%)

CO (2.8 m, %) 507 3.5 1.2 N
CO (8.5m, %) 1.1~ 1.0 » 03 —
Temperature top (°C) 813 810 810
Density top (kg/m?) 2.8 /7 29 ~ 2.6 /7

“Values are given for the reference case and the tendency at
increasing primary air stoichiometry.

“Values are given for the reference case and the tendency at
increasing excess air ratio.

ries, and the excess air series, has been varied
around this reference case to lower and higher
values, keeping the two others constant. The
variation is carried out for all three fuels.

The design parameters 12, 13, 14, and 15 are
what they are and can only be varied in test
programs where boilers of different design are
compared with each other.

Measurement of N,O

N, O was measured by sampling of dry flue gas in
bags made of aluminum foil. Subsequent analysis
was made on a gas chromatograph (GC) equipped
with an electron capture detector. Further details
are reported in Ref. 1, where it is also concluded
that the measurement of N,O is accurate enough
to form a basis for a conclusion on N,O levels
and emission. In the complementary tests in the
12-MW boiler a continuous infrared (IR) spec-
trometer was used (Spectran 647, Perkin Elmer).
Further details on this analyzer are given in Ref.
2, from where it is evident that the use of the IR
analyzer is dependent upon the existence of
methane in the flue gas. The methane concentra-
tion was checked by GC and nothing was found
at the location of gas sampling.

RESULTS

Figures 2-7 show the variation of NO and N,O
for the three series. From Figs. 2, 4, and 6 it is
evident that, for the majority of tests, the order of
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Fig. 2. Fuel-nitrogen conversion to NO in the bed tempera-
ture series. Primary air stoichiometry = 0.7-0.8. Excess air
ratio = 1.20-1.25.

the fuels with respect to the fuel-nitrogen con-
version to NO, from higher conversion to lower,
is

Brown coal

Petroleum coke

Bituminous coal.

The conversion is extremely low in all tests. The
NO emission level never exceeds 50 mg NO, /MJ
fuel supplied (or 80 ppm NO at 6% O, dry).

As can be seen in Fig. 2, the conversion of fuel
nitrogen to NO increases for all three fuels when
the bed temperature is increased. This general
influence of bed temperature has been seen in
both stationary (bubbling) fluidized bed boilers
and in other CFB boilers. However, in Fig. 2 the
bed temperature dependence is different for dif-
ferent fuels, as shown by the heavier dependence
for petroleum coke compared with the bituminous
coal.

Figures 4 and 6 show the influence of primary
air stoichiometry and excess air ratio on the
conversion of fuel nitrogen to NO. Here the
expected result is an increased fuel-nitrogen con-
version at higher primary air stoichiometries and
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Fig. 3. Fuel-nitrogen conversion to N,O in the bed tempera-
ture series. Primary air stoichiometry = 0.7-0.8. Excess air
ratio = 1.20-1.25.

excess air ratios regardless of which fuels are
used. In the primary air stoichiometry series only
the petroleum coke follows the expected behavior
while the bituminous coal shows no influence and
for brown coal the fuel-nitrogen conversion to
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Fig. 4. Fuel-nitrogen conversion to NO in the primary air
stoichiometry series. Bed temperature = 845°-850°C. Ex-
cess air ratio = 1.20-1.25.




186
20
x——x Brown coal CFB-CITY
*..*.* Bitum. coal
o—-o Petcoke
0 -0
15t
8 o *
Z X e
L R
O .........
= 10 *
=
Z
o
]
Jost
[
2 X
5 . |
[
0 . | |
0.2 0.5 0.8 1.1 L4

PRIMARY AIR STOICHIOMETRY
Fig. 5. Fuel-nitrogen conversion to N,O in the primary air
stoichiometry series. Bed temperature = 845°-850°C. Ex-
cess air ratio = 1.20-1.25.

NO even decreases at higher primary air stoi-
chiometries. Looking at Fig. 6, the picture be-
comes even more confused since here the brown
coal follows the expected behaviour instead, while
for the petroleum coke the fuel-nitrogen conver-
sion starts to decrease at higher excess air ratios!

The fuel-nitrogen conversion to N,O is seen in
Figs. 3, 5, and 7, which give the following order
of the fuels:

Petroleum coke
Bituminous coal

Brown coal.

Furthermore, the fuel-nitrogen conversion to
N,O is several times higher for petroleum coke
and bituminous coal than the corresponding con-
version to NO. For instance, the conversion to
N,O is 10% in the reference case with bitumi-
nous coal, whereas only 1% of the fuel nitrogen
is converted to NO. Corresponding values for
petroleum coke are 15% to N,O and only 2% to
NO.

In Fig. 3 it can be seen that the conversion of
fuel nitrogen to N,O decreases in a similar way
for all three fuels when the bed temperature is
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Fig. 6. Fuel-nitrogen conversion to NO in the excess air
series. Primary air stoichiometry = 0.7-0.8. Bed temperature
= 845°-850°C.

increased. The primary air stoichiometry series
shows that the fuel-nitrogen conversion is slightly
increased for petroleum coke and more or less
unaffected for brown coal and bituminous coal
(Fig. 5). The results of the excess air ratio series

2
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Fig. 7. Fuel-nitrogen conversion to N,O in the excess air
series. Primary air stoichiometry = 0.7-0.8. Bed temperature
= 845°-850°C.
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show an increasing fuel-nitrogen conversion to
N,O at higher excess air ratios for all three fuels
(Fig. 7). However, the increase for the brown
coal is not so large as for the other fuels.

Apart from the results given in Figs. 2-7, the
following observations about the secondary pa-
rameters can be clearly seen in Tables 3-5:

The char concentration at the bottom of the com-
bustion chamber, as well as in the material

returning from the hot cyclone, depends di-
rectly on the fixed carbon content of the fuel
and the reactivity of the corresponding char
towards oxygen. Thus, the char concentration
is highest for petroleum coke and lowest for
brown coal.

The CO concentrations in the combustion cham-
ber are directly connected to the content of
volatile matter of the fuel, which leads to
brown coal producing the highest levels of CO
and petroleum coke producing the lowest.

INTERPRETATION OF THE RESULTS
General

In Fig. 8 the main paths of formation and destruc-
tion of NO and N,O under the conditions of a
fluidized bed combustor are outlined on the basis
of present knowledge. The difference between the
scheme in Fig. 8 and the NO schemes presented
before Refs. 3-6 is that N,O has been included,
based on the discussion in Ref. 1.

The scheme in Fig. 8 expresses the amount of
fuel nitrogen that is released during the combus-
tion, and is to be found as either N,, N,0O, or NO
in the stack. On the left-hand side of Fig. 8 the
nitrogen content of the fuel is seen to be released
either in the volatile fraction of the fuel, step 1,
or in the char fraction, step 2. The volatile nitro-
gen is released in the form of intermediaries such
as amines (in the scheme equivalent to NH,),
step 3. They can participate in NO reduction
reactions (step 13) or they can be oxidized on
char surfaces to N, (step 9) or NO (step 11). Part
of the volatile nitrogen can be released as cyanides
(HCN in the scheme, step 4), which is known to
partly oxidize to N,O [7] (step 12). The volatile
fraction of the fuel results in species such as CO

and H, (shown as CO in the scheme), which take
part in the NO reduction reactions on char sur-
faces (step 16).

The char nitrogen is released during combus-
tion as NO or NH ;, depending on the rank of the
coal [8]. The char itself and the CO produced
when the coal is not oxidized completely are both
important for the reduction (step 15), which takes
place more or less in the pores of the char,
depending on where the NO is released, the size
of the char, and the reactivity of the char towards
reaction with oxygen. One of the products of the
reaction of NO on char surfaces is N,O (steps 15
and 16). The N,O formed can be reduced by
hydrogen radicals (step 14). The important reac-
tions included in the NO-N,O scheme are given
in Table 6. If lime is used for sulfur capture or if
the composition of the fuel ash makes the bed
catalytically active, the situation becomes more
complicated than with a bed of silica sand and the
reactions below the dotted line in Table 6 should
be considered. Reactions involving oxidation or
decomposition of NH; (steps 20-22) and reduc-
tion of NO by CO catalyzed by the bed material
(step 18) have to be included. Also included in
Table 6 are reaction steps involving formation
and destruction of N,O. It is evident that the NO
and N,O chemistry within the walls of a fluidized
bed reactor is extremely complex. Not only het-
erogeneous reactions, in which mass transfer is
included, but also the combustion process itself,
interact with the NO-N,O chemistry.

Influence of Volatiles on the Fuel-Nitrogen
Conversion to NO

Higher volatile content leads to a higher release
of fuel nitrogen in the form of NH,;. In a
particle-rich environment, where char is con-
tained, the main part of this NH, is oxidized to
N, or NO (step 9 or step 10, Fig. 8) [6], and
thereby rendered harmless, or contributes to the
formation of NO. According to Arai et al. [§] the
char nitrogen of high volatile fuels is released
more in the form of NH, than is the case with
fuels of higher ranks due to a higher hydrogen
content, and this NH, will be oxidized to N, or
NO as well. On the other hand, a fuel with a
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N,O, and N, in fluidized beds.

lower volatile content holds a greater part of the
fuel nitrogen as char nitrogen which is released as
NO within the pores of the char, where the
conditions for NO reduction are probably ex-
tremely good. The net effect of the volatile con-
tent, therefore, is difficult to evaluate.

Fuels with a high volatile content produce less
char, the most important surface for NO reduc-
tion reactions (in a bed of silica sand), but on the
other hand the production of CO and other reduc-
ing species is favoured (step 5 followed by step
16, Fig. 8). However, one can only speculate
about the importance of the bulk CO concentra-
tions for the NO reduction on char surfaces, since
CO is produced during the combustion of the
char itself, which can be periodically inhibited
due to reducing zones caused by the staged air
supply and an incomplete mixing of fuel and air.
In these zones high CO levels may promote the
reduction of NO produced from oxidation of
volatile nitrogen (e.g., NH;) or NO produced
somewhere else where the oxygen concentration
is higher.

Petroleum coke yields the highest concentra-

tion of char in the combustion chamber, but this
does not automatically result in optimum condi-
tions for NO reduction. The reactivity of the char
from petroleum coke towards reaction with oxy-
gen is lower than that of the corresponding char
from bituminous coal. This may influence the
combustion process in the pores of the char and
the local conditions for NO reduction.

Although an exact explanation of the influence
of the volatile content cannot be given, the order
of the fuels regarding the fuel-nitrogen conver-
sion to NO of all the test series shows that the
char and the char-related reactions are the key to
a better understanding of the NO reduction reac-
tions in the combustion chambers with high parti-
cle densities, since the volatile nitrogen (e.g.,
NH,) is most probably oxidized to N, or NO.

Influence of Bed Temperature on the Fuel-
Nitrogen Conversion to NO

The trends of the char concentrations and CO
levels of Table 3 are opposite to the trends of the
conversion of fuel nitrogen to NO at increasing
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TABLE 6

Important Reactions Involving NO, N,0, HCN and NH 3 Under Fluidized Bed Combustion Conditions [6, 7, 9, 10]

Step in
Reaction Catalyst Fig. 8
Reduction of NO (bed of silica sand)
NO + char = iN, + CO gas-solid 15
reaction
NO + CO - 1IN, + CO, char 16
NO + CO - iN, + CO, bed material 17
NO + 2NH, — 2N, + H,0 homogeneous 13
gas phase
Oxidation of NH 3 to NO (bed of silica sand)
NH; + § 0, > NO + 2H,0 char 11
NH; + 30, = NO + 2H,0 homogeneous 11
gas phase
NH; + 0, = NO + 2H,0 bed material 11
Oxidation of NH, to N, (bed of silica sand)
2NH; + 20, = N, + 3H,0 char 9
2NH, + 20, = N, + 3H,0 bed material 9
Reactions concerning NO formation and destruction
when lime is present in the bed
NO + CO - iN, + CO, CaO 18
NO + ZNH, — 3N, + H,0 CaSO, 19
NH; + 30, = NO + 2H,0 Ca0 20
2NH; - N, + 3H, CaO 21
2NH, + 20, = N, + 3H,0 CaO 22
Reactions involving formation and destruction of N,O
HCN + O* - NCO + H* homogeneous
gas phase 12
NCO + NO - N,0 + CO homogeneous
gas phase
NH + NO — N,0 + H* homogeneous 23
gas phase
N,0 + H* = N, + OH* homogeneous 14
gas phase
2NO + char = N,0 gas solid 15,16
reaction
char-N + 10, = N,0 gas solid 25
reaction
volatile-N + 10, = N,O char 26

bed temperature. The increase of fuel-nitrogen
conversion to NO at higher bed temperatures is
believed to be connected to this reduction in CO
and char concentrations. Furthermore, the con-
version varies more for petroleum coke than for
other fuels. The reason for this is probably the
lower combustion reactivity and the processes in
the pores of the char from petroleum coke.

Since the change of bed temperature had been

carried out with flue gas recirculation, it may be
argued that the observed results are rather an
effect of a dilution of the oxygen concentration in
the gas phase than a temperature effect. However,
tests where a change of the bed temperature has
been obtained either with flue gas recirculation
or by adding cold sand give the same effect on
the NO emission. In other words, the change of
the bed temperature is important and the rather
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small dilution caused by the flue gas recirculation
has a minor influence on the fuel-nitrogen conver-
sion to NO.

Influence of Air-to-Fuel Ratio on the Fuel-
Nitrogen Conversion to NO

The primary air stoichiometry series and the ex-
cess air series represent two ways of affecting the
local ratio between air and fuel in the combustion
chamber at a constant bottom bed temperature.
This is not the only way of changing this ratio for
the boiler. The different alternatives can be sum-
marized as follows:

1. Changing the excess air ratio of the entire
combustion chamber by
a. increasing /decreasing both the primary and
secondary air flows. Fuel flow constant.

b. increasing/decreasing the fuel supply at
constant primary and secondary air flows.

2. Changing the excess air ratio only at the loca-
tion above the secondary air nozzles (equiv-
alent to a constant primary air stoichiometry)
by
a. increasing /decreasing the fuel flow and aiso
adjusting the primary and secondary air flows.
Total air flow constant.

b. increasing/decreasing the secondary air
flow only, not touching either the fuel flow or
the primary air flow.

3. Changing the primary air stoichiometry at a
constant excess air ratio by changing the pri-
mary and secondary air flows. Fuel flow and
total air flow are kept constant.

The alternative ways of changing the ratio of fuel
and air may influence important factors differ-
ently, which leads to different fuel-nitrogen con-
versions to NO. Some of the important factors
are

Distribution of the char between the bottom and
the top of the combustion chamber.

The temperature profile above the location at the
bottom of the combustion chamber where the
temperature is kept constant.

The release of volatiles and the corresponding
levels and distribution of CO.
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Factors difficult to measure from outside of the
combustion chamber, such as penetration of
secondary air.

Catalytic activity of the fuel ash may give a
catalytic bed that behaves differently compared
to a pure sand bed towards changes in air-fuel
ratio.

Below, these factors will be used as a starting
point for the analysis of the results.

The last factor is most likely to play a role
according to a parallel study in a plug flow
laboratory reactor of the reactivity of the present
chars and bed material [11]. This study showed
that the bed material from the brown coal has an
extremely high reactivity for NO reduction com-
pared to the bed materials from bituminous coal
and petroleum coke (Fig. 9). A visual inspection
of the bed material shows that the color of silica
sand has shifted into light brown. In other words,
the ash from the brown coal coats the bed mate-
rial.

The primary air stoichiometry series represents
air supply alternative No. 3 and the excess air
ratio series alternative No. 2a. The resulting
speculations about the trends of the conversion of
the three fuels in Figs. 4 and 6 are discussed
below. '

Brown Coal

The decrease in fuel-nitrogen conversion at higher
primary air stoichiometries may be caused by the
catalytic bed. Table 4 shows that the density at
the top of the combustion chamber increased for
all three fuels when the primary air stoichiometry
is increased. In the case of the highly active
brown coal bed, this increase of top density may
favor the reduction of NO on the bed material at
higher primary air stoichiometry. In the excess
air series the density at the top decreases instead
at higher excess air ratios (Table 5) and the
fuel-nitrogen conversion increases.

Bituminous Coal

The fuel-nitrogen conversion is almost unaffected
by either a change of primary air stoichiometry or
a change of the excess air ratio. However, the
temperature at the top of the combustion chamber
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decreases when the primary air stoichiometry or
the excess air ratio is increased, Tables 4 and 5.
The influence of a decreasing temperature at the
top has been studied separately by gradually de-
creasing the load at the boiler, keeping the bot-
tom bed temperature constant with flue gas recir-
culation. The result is shown in Fig. 10, from
which it is evident that a decreasing temperature
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Fig. 10. Influence of the temperature at the top of the com-
bustion chamber on the fuel-nitrogen conversion to NO. Fuel:
bituminous coal. Excess air ratio = 1.20-1.25. Primary air
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Fig. 11. Comparison of the fuel-nitrogen conversion to NO
using different strategies to obtain different excess air ratios.
Fuel: bituminous coal.

at the top causes the fuel-nitrogen conversion to
decrease. In other words, in the primary. air
stoichiometry series as well as in the excess air
series the decreasing top temperatures have a
moderating effect on the fuel-nitrogen conversion
and the expected increase of fuel-nitrogen conver-
sion at higher air-fuel ratios does not take place.
In Fig. 11 the results for the bituminous coal in
Fig. 6 is shown together with two more strategies
to obtain higher air-fuel ratios. The open rings
represent results obtained in a previous test series
[12] with the same fuel where alternative No. 2b
was used. The solid line represents a step re-
sponse test where the fuel feed had been shut off,
which is an extreme form of alternative No. 1b.
The tendency of a decreasing temperature is
counterbalanced by gradually decreasing the flue
gas recirculation. In both cases the fuel-nitrogen
conversion is seen to increase at higher excess air
ratios. The leveling off seen at the step response
test at an excess air ratio higher than 2 is caused
by a decrease of the bed temperature that can no
longer be avoided since the flue gas recirculation
is shut. The additional tests point out that the
fuel-nitrogen conversion increases in two cases:
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1. When the air-fuel ratio is increased all over
the combustion chamber and not only above
the secondary air inlet.

2. When the secondary air flow is increased,
which probably improves the penetration of
secondary air.

Petroleum Coke

When petroleum coke is used as fuel the different
char contents and CO levels in the combustion
chamber (Tables 4,5) compared to the case of
bituminous coal might be important for the effect
of changes of the air-fuel ratio on the fuel-nitro-
gen conversion to NO. The increase of fuel-
nitrogen conversion seen in Fig. 4 may be due to
the higher char content, since more char is af-
fected this time, which might give a measurable
effect. Another explanation is the lower CO lev-
els, which means that we are now in a different
range of CO concentration where small changes
of CO concentration might have a larger influ-
ence on the reduction rate of the important reac-
tion step 16 (Fig. 8).

The lack of influence of excess air seen in Fig.
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6 at higher excess air ratios can be explained as
partly being an effect of decreasing top tempera-
ture and partly the effect of increasing air-fuel
ratio above the bottom zone of the combustion
chamber, where the main part of the char is
located. Additional tests with petroleum coke
where the air-fuel ratio had been increased in the
whole combustion chamber (Alternative No. 1b)
has been carried out (Fig. 12). This time the
fuel-nitrogen conversion to NO increases when
the excess air ratio increases.

It can be concluded that the fuel-nitrogen con-
version depends upon the air-fuel ratio in the
combustion chamber. The strategy used to obtain
the change of air-fuel ratio affects the location of
this change relative to the location of the char, as
well as other factors, which together play roles in
the overall fuel-nitrogen conversion to NO in the
boiler.

Influence of Volatiles on the Fuel-Nitrogen
Conversion to N,O

The N, O that is emitted from the boiler is formed
either from HCN (step 12, Fig. 8) or by an
incomplete reduction of NO on char surfaces
(steps 15 and 16, Fig. 8) and reduced by the
thermal decomposition reaction with hydrogen
radicals (step 14, Fig. 8).

The difference in char concentration (Table 3)
between the beds of the three fuels is a possible
reason for the order of fuel-nitrogen conversion
to N,O. For the petroleum coke, for example,
10%-18% of the fuel nitrogen is converted to
N,O. The fuel releases 26% of its nitrogen con-
tent during slow heating in a laboratory oven.
Although the release of fuel nitrogen in the com-
bustion chamber might be somewhat higher due
to a higher heating rate, 40%-70% of the fuel
nitrogen has to be released as HCN and further
oxidized to N,O without any decomposition at all
in order to reach the higher level of conversion
observed. In other words, the char concentration
and the incomplete reduction of NO to N,O on
char surfaces should be important as well. Oxida-
tion of volatile nitrogen on char surfaces is an-
other likely explanation that would favor the ini-
tial formation of N,O (step 26, Table 1).
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Influence of Bed Temperature on the Fuel-
Nitrogen Conversion to N,O

The reason for the bed temperature dependence
of the conversion to N,O of all three fuels is
probably the thermal decomposition step (step 14,
Fig. 8) which has been shown to be very sensitive
to changes in the bed temperature [1]. In Ref. 1,
the conclusion was based on model calculations
using a homogeneous reaction scheme. Since then
experiments have been carried out in an entrained
flow reactor [13] made of quartz (0.1 m diameter
and 2 m in length) in which both formation and
destruction of N,O from different fuels have been
studied in the temperature: range of 750°C-
970°C. Even if the experiments in Ref. 13 con-
firm the bed temperature dependence as being
mainly caused by the thermal decomposition step,
a decrease in the N,O initially formed from
volatile nitrogen (step 12, Fig. 8) at higher tem-
peratures or a decrease in the CO and char con-
centrations (at higher temperatures) should re-
duce the formation of N,O by steps 15 and 16
(Fig. 8) as well.

Influence of Air-Fuel Ratio on the Fuel-
Nitrogen Conversion to N,O

Both in the primary air stoichiometry series and
in the excess air ratio series the temperature at
the top of the combustion chamber decreases
when the parameter studied is increased (Tables 4
and 5). This decrease of the top temperature is
the most conceivable explanation for the observed
results, judging from the strong temperature de-
pendence already shown in the bed temperature
series (Fig. 3). This is further confirmed by the
additional step response tests carried out in the
12-MW CFB boiler. In these tests the change of
the temperature in the combustion chamber was
obtained by adding cold bed material and the
change of N,O was recorded (Fig. 13). Due to
thermal inertia the change of the bottom bed
temperature is much slower than the change of
the temperature at the top when the cold bed
material is added. The N,O emission follows the
top temperature closely, which indicates that the
N, O emission depends upon the temperature level
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Fig. 13. Characterization of the dependence of the tempera-
ture on the fuel-nitrogen conversion to N,O. Dotted vertical
lines show times of addition of cold bed material.

in the whole combustion chamber, and the tem-
perature of the bottom bed is not sufficient to give
the entire picture.

Changes of the air-fuel ratio without keeping
the temperature level constant in the entire com-
bustion chamber cannot be used as a basis for any
conclusion of the dependence of oxygen concen-
tration on the fuel-nitrogen conversion to N,O.

The next step was therefore to try to find a
period during which different excess air ratios
have been used without a change of either the
bottom bed temperature or the top temperature.
Such an evaluation of data from the 12-MW CFB
boiler fired with bituminous coal is shown in Fig.
14. For comparison, the NO values are shown as
well. From Fig. 14 it is evident that a dependence
of an increasing air—fuel ratio on the fuel-nitro-
gen conversion exists, independent of the temper-
ature dependence.

The next question is to ask is whether the
air-fuel ratio influences the fuel-nitrogen conver-
sion to N,O through the formation step in which
oxidation of volatile nitrogen to N,O is favored
by high oxygen levels (step 12 and step 26, Table
6) or through the influence of oxygen on the
destruction mechanism involving hydrogen radi-
cals?
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The tests by Aho et al. [13] give guidance.
They have shown no influence of oxygen concen-
tration on the formation of N,O in the range of
3%-20% excess O,, but the destruction of N,0
is greatly favored by low oxygen concentrations
(1.5%-2.5% O, compared to 18%-20% O,).

DISCUSSION AND CONCLUSIONS

Results Concerning the Emission of Nitric
Oxide

The most significant result of the parameter study
is the order of the fuels with respect to fuel-
nitrogen conversion to NO, which is (in descend-
ing order of conversion)

Brown coal
Petroleum coke

Bituminous coal.

Depending on which reduction mechanism is con-
sidered to be most important in CFB boilers, step
15 and/or step 16 (involving char), here called
“‘the char line,”” or step 13 (involving ammonia
or other amines), here called *‘the ammonia line,”’
one would expect the following orders of the
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fuel-nitrogen conversion to NO (in descending
order):

Char line:

Brown coal
Bituminous coal

Petroleum coke

Ammonia line:

Petroleum coke
Bituminous coal

Brown coal.

At first glance, the result obtained does not fit
either of the expected orders. However, the re-
duction of nitric oxide in fluidized beds is far too
complicated to be answered by a simple look at
the volatiles and char content of the fuel. Instead,
the parameter study points to the following addi-
tional important factors:

the evolution of CO from the volatiles and their
significance for the NO reduction on char sur-
faces;

the reactivity of the char towards reaction with
oxygen; and

the reactivity of the char towards reaction with
nitric oxide.

In this way an extended char line can be defined
as reactions involving NO reduction on char sur-
faces, but with respect also to the additional
factors mentioned. The reason the fuel with the
highest fixed carbon content, the petroleum coke,
does not have the lowest conversion of fuel nitro-
gen to NO can be

a lack of CO from the volatiles,
a Jower combustion reactivity of the char, or

a lower reactivity of the char for the NO reaction
with CO.

Data in the literature support the different char
reactivities (for NO reduction) given by the tests
of Johnsson [11], from which some results are
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shown in Fig. 9. However, the reactivity in Fig.
9 is expressed per grams of char and, taking into
consideration the different porosity of the chars as
well as how much of the pore volume is actually
utilized for NO reduction, it is impossible at the
moment to judge, from the laboratory study,
which chars are most reactive. i

The influence of combustion reactivity of the
char on the char-nitrogen conversion to NO has
been studied by Shimitzu et al. [14]. The tests
have been carried out in a fixed bed reactor with
a 20-mm-i.d. quartz tube. They show an in-
creased char nitrogen conversion to NO for bitu-
minous coals of low reactivity. Johnsson [15] has
also carried out similar tests on the present chars
and found an opposite dependence compared to
Shimitzu. In other words, it remains to be ex-
plained in detail how different combustion reac-
tivities influence the release and subsequent re-
duction of NO within the pores of a burning char
particle.

As a final comment on the order of the fuels,
one can compare with the situation in stationary
fluidized bed boilers as well as in pulverized coal
combustion (PCC) [16], which shows an opposite
order of the fuels. In stationary fluidized bed
boilers and in PCC the volatile nitrogen plays a
different and more important role for the NO
reduction than in CFB boilers.

In addition to the order of the fuels, the param-
eter study shows the dependence of temperature
and oxygen concentration on the fuel-nitrogen
conversion to NO. Generally, the conversion in-
creases at higher temperatures and oxygen con-
centrations. This is in agreement with previous
studies in stationary fluidized bed boilers. How-
ever, the situation in a CFB boiler is somewhat
different. The parameter study shows that the
temperature dependence is a function of not only
the bottom bed temperature but also the tempera-
ture in the entire combustion chamber as well.
Apart from this, the temperature dependence is
different for different fuels, probably because of
the different combustion reactivities of the fuels.

The influence of air-fuel ratio is affected by
the method used to change the air supply to the
boiler.

The fuel properties, such as the reactivity of

the fuel as well as the catalytic activity of the bed
material, also seem to be of importance.

Results Concerning the Emission of Nitrous
Oxide

The order of the fuel-nitrogen conversion to N,O
is for all tests in the parameter study (from higher
conversion to lower):

Petroleum coke
Bituminous coal

Brown coal.

For the moment, the reason for this order is
unclear. It seems that the char loading of the bed
has an influence on the fuel-nitrogen conversion
to N,O, but it is difficult to say whether the result
is caused by an incomplete reduction of NO to
N,O on char surfaces (steps 15 and 16, Fig. 8),
or if the char might influence the amount of
volatile nitrogen that is oxidized to N,O (step 26,
Table 2), or if some other unknown reactions are
important. At least it is clear that the fuel-nitro-
gen conversion to N, O is very sensitive to changes
of the temperature in the entire combustion cham-
ber. The temperature dependence is opposite from
that of the fuel-nitrogen conversion to NO, here
the temperature dependence is in an indirect rela-
tionship, since an increased temperature causes
the fuel-nitrogen conversion to N,O to decrease.

From the additional tests it is evident that the
fuel-nitrogen conversion to N,O is dependent on
oxygen concentration as well. The effect of an
increased oxygen concentration is similar for the
conversion to N,O and NO, but the increase
seems to be larger for N,O than for NO. Because
NO and N,O have the dependence of oxygen
concentration in common, it becomes desirable to
operate the CFB boilers at as low excess air ratios
as efficient burnout of CO will permit. Excess air
levels between 1.05 and 1.10 are desirable. This
leads to new demands regarding the air distribu-
tion to favor good mixing between fuel and air. A
satisfactory burnout of CO and char fines in the
particle separator also must be maintained. The
amount of cooling of the cyclone and the corre-
sponding temperature at the outlet of the cyclone
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are critical for a proper burnout at low excess air
levels. Finally, the control system has to be opti-
mized to counterbalance disturbances in fuel qual-
ity, so that temporary high concentrations of un-
burned volatiles in the stack can be avoided by
avoiding excess air levels below 1.05 even during
short moments.
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