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Circulating fluidized bed (CFB) coal combustion technology has advantages of excellent fuel flexibility, wide
turn-down ratio, as well as the effective-cost control on SO, and NOx emissions. As the emission standard be-
comes more and more stringent, new technologies to further reduce the original pollutant are desired. In this
work, an in-furnace denitrification technology for CFB coal combustion using iron-based additives was proposed
and experimentally assessed in an apparatus with a riser taller than 20 m. The tall CFB rig ensured coal particles
to experience a chemical process like those burnt in a practical CFB boiler, with a compatible burnt-out rate and
O, content at the exit. Iron particles with an average size close to that of quartz sand bed materials were used as
the initial additives. Results showed that when 10 % of iron powders with respect to the mass of the initial bed
inventory was added, the iron-based additives were mainly in the middle and lower parts of the riser. The
emission of NO could be reduced by 9.4 % — 27 %, and the total amount of N-containing pollutants (NO + N30)
could be reduced by 8.1 % — 9.2 %. At the same time, CO concentration in the exhaust gas decreased by 4.9 % —
38.1 %. The variation degrees depended on the combustion temperature and the air staging. However, the
presence of iron additives was in favor of decreasing N,O emission, it did not always decrease NO emission. In
some cases, it could even increase NO emission, when combustion occurred in an oxidizing atmosphere. The
results showed that the proposed in-furnace denitrification technology with iron additives for CFB coal com-
bustion was feasible for the total nitrogen oxide removal, but conditional in NO reduction. To achieve the
simultaneous NOx and N»O reduction, proper control of additive size, bed temperature and reaction atmosphere
should be performed.

1. Introduction

Circulating fluidized bed (CFB) coal combustion technology has been
widely used in power generation due to its advantages of excellent fuel
flexibility, wide turn-down ratio [1,2], as well as the effective-cost
control on SO, and NOx emissions [3,4]. The low NOx emission is
attributed to the moderate temperature combustion (800 ~ 900 °C), an
overall reducing dense bed and a large amount of unburnt char in the
combustor, and the existence of catalytic metal oxides in coal ash [5-7].
Though several applications showed that with the fine circulating par-
ticles and proper combustion organization, the NOx emission at the exit
of a CFB boiler could be controlled at less than 50 mg/m3 (@6% O,
hereafter the same) [8,9], there are still many coal-fired CFB boilers
operating with rather high NOx emission. Therefore, in many cases, the
expensive selective catalytic reduction (SCR) [10] or rather expensive
selective non-catalytic reduction (SNCR) [11] measures still have to
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used for flue gas treatment. These measures bring not only extra cost,
but also the ammonia (NH3) slip especially when a CFB boiler operates
at low loads [12]. The NHj slip could cause a secondary environmental
pollution, and the corrosion and blockage in the air preheater as well
[13]. Therefore, it is of great interest to assess the feasibility to develop
an economical, NHs-free, in-furnace denitrification technology with
additives for coal-fired CFB boilers.

Iron and iron oxides, as common components in the coal ash and rich
in natural resource, are inevitably regarded as the potential additives.
Indeed, several studies have been conducted on the NO and N,O
reduction with the presence of iron and iron oxides. Hayhurst et al.
[14,15] experimentally found iron has a strong catalytic effect on NO
and N3O reduction in a fluidized bed in a reducing atmosphere. Zhou
etal. [16] used thermogravimetric analysis (TGA) to assess the chemical
reactions between iron and its oxides with N,O and NO in the presence
of CO at fluidized bed combustion temperatures, and found iron
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effectively decreased the decomposition temperature of N,O, and with
the presence of CO, iron could reduce part of NO and N3O [16].
Recently, a few studies further confirmed that in the presence of CO, iron
and iron oxides can effectively reduce NOx, and play a role of catalyst.
The experimental results of Lyu et al. [17] showed that iron oxides
experience occurrence transformation and different occurrence has
different NO reduction performance with CO in the fluidized bed com-
bustion temperature. F2Og3 barely reacts with NO. However, F2O3 can be
reduced by CO into FeO or Fe3O4, and the produced FeO or Fe304 can
catalyze the NO reduction reaction with CO. In a CFB boiler, the iron
oxides in the circulating ash are mainly Fe3O4 [18]. Thus, Hu et al.
[18,19], by quantum computing with density functional theory (DFT)
revealed that NO absorbed onto Fe3O4 surface to form (NO), dimer
structure is a possible pathway for the reduction of NO by CO over Fe304
[19,20]. However, the presence of O, namely an oxidizing atmosphere
can prevent the NO reduction with CO [21,22].

Based on the previous studies, obvious catalytic effect of iron oxides
on the reaction of CO and NO could exist under a reducing atmosphere
condition. By coincidence, as found the previous studies [6,11] the
dense bed of a CFB boiler is in an overall reducing atmosphere, and there
exists abundant CO. Thus, if the iron oxides could be remained in the
dense bed region, NOx could be cost-effectively reduced in the furnace
of a coal-fired CFB boiler. Due to the complexity of the CFB coal com-
bustion, the feasibility assessment of the proposed technology should
not limited to a fixed bed, TGA and small size fluidized bed experiments.
Especially, a tall CFB combustor is essential to ensure the coal particles
in the riser experience a similar chemical process as those burnt in a CFB
boiler, with the similar burnt-out rate and O, content at the combustor
exit.

Consequently, an experimental study was carried out to assess the
effectiveness and conditions for the in-furnace de-NOx method using
iron-based additives for CFB combustion. The experiments were con-
ducted in an easy-controlled small capacity (~30 kW fuel input) coal-
fired CFB combustor but with the riser taller than 20 m. NOx emis-
sions with the iron-based addition were detected under different air-
staging conditions. The ash samples were also analyzed. The
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experimental results were discussed to explored the influencing factors.
2. Experimental approach
2.1. CFB combustor with the height of 20 m

Fig. 1 shows the schematic of the experimental system of the tested
CFB apparatus with a thermal capacity of 30 kW. The system consisted
of a combustor unit, a heating furnace unit, a feeding unit, a flue gas
cooling and cleaning unit, a gas supplying unit, and a data acquisition
unit.

The main part of the CFB combustor was a riser with a net height of
22 m. Such a tall riser allowed coal particles in the riser experience a
similar chemical process as those in a CFB boiler. The lower part of the
riser was 120 mm in diameter for the convenience to form a dense bed,
and the rest was 98 mm in diameter. At the exit of the riser, there was a
highly efficient cyclone, used for gas—solid separation. At the end of the
standard pipe, there was a loop seal used for returning the solid particles
to the riser.

The riser, cyclone, leap seal and pipes were made of stainless steel.
They were enclosed by a box-type electrical heater. The heater has six
sections and the temperature of each section could be independently
controlled. Before the experiments, the CFB loop was heated to a preset
temperature.

The test coal was fed into the riser by a screw feeder, placed outside
of the heater box, at a height of ~ 300 mm from the air distributor. The
primary air was introduced through air distributor placed on the bottom
of the riser and the secondary air ports were located at two levels with
the elevation of 1000 mm and 2000 mm from the air distributor,
respectively. The solids collected by the cyclone were stored in the
standpipe and then returned to the lower part of the riser through a loop
seal. Before released into the atmosphere, the flue gas was cooled by a
heat exchanger and then cleaned by a bag filter.

The data acquisition unit acquired temperature, flow rate, and con-
centrations of flue gas components, etc. Temperature was measured at
more than 20 locations along the ash circulating loop. The
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Fig. 1. Schematic diagram of the electrical-heating CFB apparatus with riser taller than 20 m.
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thermocouples used in the experiment were WRNK-291 armored ones.
with measurement range of 0-1100 °C. The allowable deviation of the
thermocouples was 0.5 % of the measured temperature. The flow rates
of gas were measured by flow meters. The ash sampling ports were
located at the bottom of the riser and the loop seal. The concentrations of
05, COy, CO, SO2, NO, and N3O in the flue gas were continuously
monitored by online gas analyzers placed before the bag filter.

2.2. Fuel and bed materials

A Chinese Liulin bituminous coal (LL) was tested. The proximate and
ultimate analyses at as-received base are listed in Table 1. The coal was
sieved to 0—2 mm. Quartz sand was used as the bed material with an
initial bed inventory of 12 kg. 10 % of iron powders with respect to the
initial bed inventory were used as iron-based additives. The addition
ratio of iron-based additive was 10 % of the initial bed inventory, and
the high-purity iron powder was used, with a purity of more than 99 %.
In the combustion experiment, iron powder reacted with oxygen to form
iron oxides, a mixture of Fe;O3 and Fe304. A Fe3O4 molecule can be
regarded as a FepO3 unit (where iron is in the + 3 oxidation state) and a
FeO unit (where iron is in the + 2 oxidation state), that is, the chemical
formula can be expressed as FepO3-FeO, which indicates that a FeO unit
is embedded in the structure of Fe;O3. With sufficient oxygen and time,
at a high temperature, Fe3O4 would be fully converted into more stable
Fey03 [22]. The particle size distributions of quartz sand and iron
powders are shown in Fig. 2, with the average particle sizes (d, J) of 108
pm and 98 pum respectively.

The main compositions of coal ash were analyzed using X-ray fluo-
rescence spectroscopy (XRF), and the results are shown in Table 2. The
main components of coal ash are oxides of Si, Al, Fe, Ca, and Ti, of which
the content of SiO, and Al,O3 accounts for more than 70 %. The iron
content is 5.58 %.

2.3. Test conditions

When the experiment started, the CFB combustor with a certain
amount of bed material was heated up in a programmed rate to a preset
temperature. Then, the primary air was preheated by a gas preheater to
more than 300 °C and then introduced to the air distributor at a given
flow rate. After the bed material circulation was built up and the riser
reached the preset bed temperature, the test coal was fed into the
combustor by a screw feeder with a pre-calibrated feeding rate. After the
combustion was stable, the iron-based additives were added to the
bottom of the riser. During the experiments the flue gas composition was
measured online by a gas analyzer. After the experiment, the bottom ash
was discharged from the riser and the loop seal.

In order to assess the effect of air staging on NOx emission charac-
teristics under the presence of iron-based additives, experiment 1 (Exp
1) and experiment 2 (Exp 2) were designed respectively. In both ex-
periments, when stable combustion was first achieved without the sec-
ondary air, about 1.2 kg of iron-based additives were sent into the
bottom of the riser. After the outlet flue gas concentration was stable, the
lower secondary air (S;) was introduced. To keep the total air flow rate
unchanged, the flow rate of the primary air (Q;) was reduced accord-
ingly. The difference between the two experiments was in Expl the
lower secondary air (S;) was fully switched to the upper secondary air
(S2), while in Exp2, only 40 % S; was replaced by Sy In the experiment,
the coal feeding rate G was controlled at 6.45 kg/h. The temperatures of
dense bed and dilute phase were controlled at 750 °C. The other

Table 1
Proximate and ultimate analyses of the test coal.
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Fig. 2. Particle size distribution of sand and iron powders.

Table 2
Composition of the ash for the used coal, unit:%.
Si0, ALO; Fe,03 Ca0 TiO, K,0 Na,0 MgO
43.32 42.46 5.58 291 1.80 0.57 0.34 0.24

parameters, including Q;, S1, and Sy are shown in Table 3.

3. Results and discussion
3.1. Temperature distributions

Fig. 3 depicts the temporal temperature variations at various heights
of the riser and the bottom of the downpipe for Exp 1. It can be seen that
before coal is fed into the furnace, the measured temperatures keep
rising as the entire system is electrically heated up. When the dense bed
temperature reach to 550°C, coal is fed in. Then, all the measured
temperatures rise quickly to 700 ~ 850 °C. If the measured temperature
is lower than the preset temperature of 750 °C, the corresponding ses-
sion is still electrically heated.

It can be seen there is some difference between the upper and lower
riser temperatures. Before the coal is added in, the measured tempera-
ture increases along the riser height. This is due to the larger thermal
inertia and strong heat loss in the lower riser. After the coal is fed in,
temperatures in the lower riser increase much faster and reach a higher

Table 3

The experimental conditions.
Item Expl Exp2
Coal feeding rate,G (kg/h) 6.45 6.45
Initial bed temperature, T (°C) 750 750
Initial bed inventory, I, (kg) 12 12
The mass of iron-based additives, m (kg) 1.2 1.2
Primary air flow, Q; (Nm®/h) 19.8 15.8
Lower secondary air flow, S; (Nm®/h) 0/5/0 0/5/3
Upper secondary air flow, S, (Nm®/h) 0/0/5 0/0/2

Proximate analysis, wt.%

Ultimate analysis, wt.% Lower heating value/kJ-kg !

FCar Var Aar M Car Har
53.84 16.72 28.87 0.57 62.93 2.8

Our Nar Sar Qar
0.59 0.72 3.52 24384.35
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Fig. 3. Axial temperature distribution for the Exp 1.

value than those in the upper riser, indicating that coal is mostly burn in
the dense bed region. When the iron particles are added, the bed tem-
perature increases rapidly, particularly in the lower riser. This is due to
the fast heat release from the oxidization of the iron powder with d, of
98 yum at a high temperature of ~ 800 °C. When the oxidization reaction
ends, the temperature gradually falls down to the original level. Then
when the secondary air S; or Sy are supplied, the bed temperature rises
again. Apparently, there is a certain fluctuation of the measured tem-
peratures induced by the nature of gas—solid flow. The most unstable
temperature variation happens at the lowest measuring point. The re-
sults indicate that many of iron and iron oxide particles stay in the
bottom riser while subjected to a complex fluidization status.

Fig. 4 depicts the bed temperature distributions along the riser at
stable operation under different experimental conditions. The temper-
ature at the bottom riser is in the range of 800 ~ 968 °C, which is higher
than that at the upper part (at a value of ~ 750 °C), confirming that coal
combustion mainly occurs there. The addition of the secondary air and
iron-based additives increases the bed temperature.

20
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Iron-based Iron-based
~15 additives additives
g i ) )
T — —
510¢F
=
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O 1 1
700 800 900 700 800 900

Temperature, 7° o)

Fig. 4. Axial distributions of bed temperature under different experi-
mental conditions.
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The effect on bed temperature by iron-based additives could be
attributed to three aspects. Firstly, the added iron particles can be
oxidized into iron oxides through a strong exothermic reaction. Sec-
ondly, iron and iron oxides could play a catalytic role to accelerate the
fuel combustion process and change the combustion reaction path. Thus
the fuel burns more completely and efficiently [23-25], and some
exothermic reactions more prominent [24,26,27]. Thirdly, iron particles
might also increase the overall thermal conductivity of the bed mate-
rials, resulting in more even temperature distribution in the combustion
chamber, thereby increasing the overall temperature [24,25,28].

The bed temperature rise induced by the introduction of the sec-
ondary air could be also attributed to a few factors. Firstly, the
enhancement of the mixing of fuel and oxygen. The increased secondary
air flow rate could improve the O, distribution in the combustion zone,
promoting a more complete burnt-out and there more heat release [29].
Meanwhile, the high-speed secondary air effectively dispersed com-
bustion products, improved the O, diffusion and enhanced the com-
bustion process [30-33]. In addition, the secondary air enhanced the
heat transfer in the combustion zone, resulting in more uniform tem-
perature distribution and a higher bed temperature [30].

3.2. Flue gas composition

Fig. 5(a) shows the temporal variations of the O, concentration of
flue gas in Exp 1. The O, concentration is in the range of 4.5 % ~ 5.2 %
during stable combustion. Right after adding the iron powders, it rises
suddenly and then decreases sharply. The sudden rise may be due to the
leak of some air during the addition of the additives. As O reacts with
the iron powders, its concentration decreases sharply. As iron powders
are oxidized, Oy rebounds slowly back. The addition of staging air S;
promotes the combustion of coal, and O is further reduced. However,
the position of staging air Sy is rather high, so that the coal combustion is
incomplete, increasing the O, concentration. Fig. 5(b) depicts the tem-
poral variations of N-containing pollutants in flue gas for Exp 1. The flue
gas concentrations were converted into 6 % O, base ones and compared
with the average value.

3.2.1. Temporal variations of N-containing pollutants

To reveal the trend of concentration change more clearly, the tem-
poral variation of the average concentration fluctuation of N-containing
pollutants (NO + N20).is depicted in Fig. 6. Without the addition of iron-
based additives, the average NO concentration at the furnace outlet is

8
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Fig. 5. Temporal variations of flue gas composition in Expl(a: O»; b: nitro-
gen oxides).
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between 70—110 ppm. After additives are added, the average NO
concentration increases and then decreases. Because the added iron
powders preferentially consume a certain amount of Oy, the coal com-
bustion is weakened. When the iron additives are mostly oxidized, a
large portion of coal is burned, causing increase of the temperature and
NO formation. When the coal is burned out, NO emission gradually
decreases and finally reaches stable.

3.2.2. Temporal variations of CO and SO pollutants

Fig. 7 shows the measured CO and SO; concentrations in the flue gas.
The CO concentration is between 500 ~ 1600 ppm. The SO, concen-
tration is 1500 ~ 2000 ppm, which is due to the high sulfur content in LL
coal. After iron additives are added, the CO concentration increases and
then decreases, but the SO2 concentration varies oppositely. Because the
added iron additives preferentially consume a certain amount of O, the
coal combustion is weakened, resulting in an increase in CO and a
decrease in SO,. When the iron additives are mostly oxidized, a large
portion of coal is burned, causing CO to decrease and SO to increase.

3.3. Effect of iron-based additives on flue gas concentrations without air
staging

Fig. 8 compares the flue gas concentrations without and with iron-
based additives when no air staging is used. With the iron-based addi-
tives, CO concentration in the flue gas decreases by 4.9 % — 38.9 % and
the SO, concentration decreases by 5 % — 5.5 %. In the same time, NO
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Fig. 7. The temporal variations of CO and SO, during the experiments.
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concentration decreases by 9.4 % — 27 %. The total amount of N-con-
taining pollutants (NO + N2O) decreases by 8.1 % — 9.2 %, indicating
that some nitrogen oxides are converted into Nj.

3.4. De-NOx effect with iron-based additives under air staging

Fig. 9 shows the impact of the air staging on denitrification in CFB
with iron-based additives. After adding the secondary air streams S; or
So, the NO concentration increases, but the N,O concentration de-
creases. The introduced secondary air significantly affects the distribu-
tion of temperature, oxygen concentration and CO concentration in the
furnace. As shown in Fig. 7, the CO concentration in Exp 1 and Exp 2
decreased since the secondary air stream S; or Sy causes a weaker
reducing atmosphere. Previous studies [17,20] found iron oxides un-
dergo valence transition in a fluidized bed environment. The low-valent
iron oxides have high efficiency for NO removal in a reducing atmo-
sphere but not in an oxidizing atmosphere. Thus, the NO generation
could be enhanced as iron oxides are carried into the dilute bed. On the
other hand, the secondary air results in a reduction of the primary air
and an increase in the lower riser temperature. This is in favor to the NO
reduction as the additives are kept in the lower riser. The enhancement
effect in dilute zone and reduction effect in the dense bed in NO gen-
eration compete each other, resulting in a conditional overall NO
reduction. The results also indicate that the fluidization behaviors of the
iron-based additives play crucial effect and is recommended to be
further investigated in the future.

3.5. Ash sample analysis

Fig. 10 shows the images of ash samples collected in Exp 1. The color
of the ash sample directly related to its constituent elements, particu-
larly metal elements, and the presence of unburned coal. The ash sam-
ples collected in the riser are mainly brown. This could be attributed to
that in the high temperature rise, most of the iron-based additives are
oxidized to rather stable Fe;O3, which has a unique brown color. The ash
sample released from the bottom of the riser is darker, indicating that
some unburned coal or carbonaceous particles exist.

Fig. 11 shows the particle size distribution of ash samples at different
heights collected in Exp 1. The ap of the ash samples gradually decreases
along the riser height and it is larger than that of the initially added iron
powders and quartz sand. This is because d, of the ash samples is not
only affected by the quartz sand and iron powder, but also by the coal
particle. The coal particles was in the range of 0-2 mm, resulting in
larger average ash particle size.

Fig. 12 shows the composition of the ash samples collected in Exp 1.
The main component of the ash sample is SiO; as the initial bed material
is quartz sand. AlyO3 content in fly ash is much higher than that in the
riser. Provided the coal used in Exp 1 contains 42.5 % Al,Os, it could be
inferred that a large amount of ash produced by burning coal is
conveyed by the fluidizing air to and pass the separator.

The fly ash has high iron content, which may be due to the dis-
charged of finer iron-based additives. The iron content in the middle and
lower riser is similar, but significantly higher than that in the upper
riser. This is determined jointly by the size of the bed material and the
superficial gas velocity. Due to the high density, the coarse iron particles
have large terminal velocity, so they are difficult to be carried to the
upper riser under the existing fluidizing air velocity. Thus, relatively
high iron content exists in the middle and lower riser. The iron content
in the fly ash, however, comes from the small iron particles and the iron
minerals contained in the coal. The escape of small iron-based bed
material may affect the final denitrification effect. To ensure the De-NOx
efficiency, it is necessary to select the appropriate particle size according
to the efficiency of the separator. In addition, the SO3 content in the ash
at different locations is higher than that in the coal ash, indicating that
the iron-based additives absorb part of the SO and fix it in the ash.
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4. Conclusions

An in-furnace denitrification technology for CFB coal combustion
with iron-based additives was proposed and experimentally assessed
with ariser taller than 20 m. The experimental results showed that when
iron particles with an average size close to that of quartz sand bed ma-
terials were used as the initial additives, and amount of 10 % of that of
the initial bed inventory, the NO emission could be reduced by 9.4 % —
27 %, and the total amount of N-containing pollutants (NO + N50) could
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be reduced by 8.1 % — 9.2 %. In the same time, CO concentration in the
exhaust gas decreased by 4.9 % — 38.1 %. The variation degrees
depended on the combustion temperature and the air staging. However,
the presence of iron additives was in favor of decreasing N,O emission, it
did not always decrease NO emission. In some cases, it could even in-
crease NO emission, due to the weakening of the reducing atmosphere.
The results showed that the proposed in-furnace denitrification tech-
nology with iron additives for CFB coal combustion was feasible for the
total nitrogen oxide removal, but conditional in NO reduction. To ach-
ieve simultaneous NOx and N»O reduction, proper control of additives
size, bed temperature and reaction atmosphere were necessary.
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