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Abstract: The pressurized combustion experiments of
bituminous coal and lignite under air and O,/CO, atmospheres
were conducted to study the influences of pressure and
atmosphere on combustion and the CO, NO, SO, release
process. Two indices, the maximum concentration and the
total emission, were applied to quantitatively evaluate the
influence of several different operating parameters such as
pressure, atmosphere and temperature on the formation of NO
and SO, during coal combustion in the fluidized bed. The
experimental results show that the releasing profiles of CO,
NO and SO, during coal combustion under a pressurized oxy-
fuel atmosphere are similar to those under a pressurized air
atmosphere, and the curves of measured gas components are
Under the oxy-fuel condition,
increasing from 0. 1 to 0. 7 MPa can cause the inhibition of NO

all unimodal. pressure
and SO, emission. The elevation of temperature can lead to an
increase in the maximum concentration and the total
production of NO and SO,, and the increase under
atmospheric pressure is higher than that under high pressure.
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mong all the carbon capture utilization and storage

(CCUS) technologies, oxy-fuel combustion is one
of the most promising ways to achieve the zero-emission
goal. Fuel burns with the mixture of pure oxygen and re-
cycle flue gas, making the CO, concentration reach more
than 90% (dry basis) in the flue gas. This is conducive
to CO, separation from flue gas, and the coal combustion
pollutants such as NO_ and SO, can also be removed to-
gether. However, the bottleneck of oxy-fuel combustion

is of low net efficiency and high cost. Researchers''™
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have found that if a conventional power station converts
from air combustion into oxy-fuel combustion, it will
lead to a nearly 10% to 12% drop in its efficiency.

Pressurized oxy-combustion technology was first pro-
posed by Fassbender'”. Research shows that pressurized
oxy-combustion technology has several advantages over
atmospheric oxy-combustion. In the pressurized system,
the work loss due to the pressure fluctuation among the
compression and purification unit (CPU), air separation
unit (ASU) and boiler can be substantially reduced. Al-
so, the dew point of flue gas increases at high pressure,
then the latent heat of water vapour in the flue gas can be
recovered easily.

Pressurized oxy-fuel fluidized bed combustion ( FBC)
technology is a combination of pressurized oxy-combus-
tion and FBC technology,
stage. Present studies are mainly focused on economic

and it is still in its initial

analysis and numerical simulation, while only a small
number concerns experimental work'*. A lab-scale bubb-
ling bed was used by the Institute for Chemical Processing
of Coal in Poland to study NO emissions under air and
0,/CO, atmospheres'”', and the results show that pressur-
ized combustion can inhibit the formation of NO and
SO,. Researchers from the Delft University of Technolo-
gy'” conducted some exploratory studies on a 1.6 MW
pressurized fluidized bed, and they found that NO emis-
sion level depended mainly on fuel-N and outlet oxygen
concentration. Li et al. """ carried out the experimental re-
search of pressurized oxy-FBC in China. Also, the influ-
ence of pressure on fluidization velocity of bed material
under thermal state was analyzed, and an equation about
critical fluidization velocity was proposed.

For better understanding of SO, and NO generation un-
der the pressurized O,/CO, atmosphere, a lab-scale pres-
surized fluidized bed was designed and built at Southeast
University. Experimental and theoretical analyses have
been done to clarify how the pressure and atmosphere af-
fect coal combustion and SO,/NO emission. This work
will contribute to a deep understanding of pressurized
oxy-FBC technology.

1 Experiment

Tab. 1 shows the ultimate and proximate analysis of the
bituminous coal and lignite used in the experiment. The
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particle size of coal ranges from 0.45 to 0.6 mm. Silica
sand ( particle size: 0. 25 to 0. 35 mm; true density:

2 600 kg/m’) is used as bed material, giving a static bed
height of 0.3 m.

Tab.1 Ultimate and proximate analysis of bituminous coal and lignite on air-dry basis %
Ultimate analysis Proximate analysis [
Coal samples
w(C) w(H) w(O) w(N) w(S) w(M) w( A) w(V) w(FC) (MJ - kg™")
Bituminous coal 67.42 4.14 8.31 1.04 2.72 6.52 9.85 35.34 48.29 26. 66
Lignite 45.89 6.01 18.83 1.53 0.34 17.02 10.38 41.52 31.08 18. 68

Experiments were conducted on a lab-scale pressurized
oxy-fuel FBC system, as shown in Fig. 1, which consists
of the bubbling fluidized bed combustor, gas distribution,
feeding systems, temperature and pressure controlling
system, flue gas cooling system, and a gas analyzer
(ecom-J2KN, produced by rbrMesstechnik GmbH, Ger-
many). The bubbling bed combustor is 1.3 m high, 50 mm
in inner diameter, and made of 310S stainless steel.
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Fig.1 Schematic diagram of pressurized oxy-fuel fluidized bed
combustion system

Before each experiment, streams of process gases (O,,
CO, and air) were measured and mixed before being sup-
plied into the vessel. The gas flow was turned off when
the pressure in the vessel met the working condition, and
then the electric heater was turned on around the fluidized
bed furnace. The pressure regulating valve was opened
slightly when the temperature reached the working states,
and the bed material mixed and maintained the fluid-
ization state under the drive of differential pressure inside
and outside the vessel. The flowrate and velocity were
controlled by changing the valve opening according to the
value of differential pressure transmitters. A specific
quantity of coal (4, 7 and 10 g) was injected into the
dense zone with the N, stream. A gas analyzer was used to

analyze and record the composition of flue gas. The analy-
sis process lasted 120 s and this time covered the whole
combustion processes of coal particles in the bubbling bed.
The coal combustion and pollutant emission characteristics
were invested under air and 21% O,/79% CO, atmospheres
with the operation pressure ranges from 0.1 to 0. 7 MPa.
The operation temperature of the dense zone was 750 to
850 C, and each experimental condition was repeated 3
times to minimize unreliability in the experiments.

2 Results and Discussion

2.1 Analysis of typical experimental conditions

Fig.2 shows the release profiles of O,, CO, NO and

SO, during coal combustion in the pressurized air and
oxy-fuel atmosphere (0.7 MPa, 850 ) respectively, as
typical experimental conditions.

It is clear from Fig. 2 that the release of the main ex-
haust gas compounds (O,, CO, NO and SO,) during
coal combustion under a pressurized oxy-fuel atmosphere
are similar to that under a pressurized air atmosphere, and
the curves of measured gas components are all unimodal.
The oxygen concentration curve decreases first and then
increases whether under air or O,/CO, atmospheres. This
is because coal is heated by the bed material and the high
temperature gas when it comes into the dense zone, and
the combustion reaction of coal consumes large amounts of
oxygen leading to a drop of oxygen concentration in flue
gas. Since a batch feeding mode is used in the experi-
ments, that is, each time a certain quality of coal particles
is injected into the chamber, and at the end of combustion
reaction, the oxygen consumption rate is reduced gradual-
ly, resulting in a slow rise in oxygen concentration.

As shown in Fig. 2, for the gaseous pollutants CO, NO
and SO, in two atmospheres, their concentration curves
increase first and then decrease. The coal combustion in
the fluidized bed can be divided into two successive
processes, volatile combustion and char combustion.
Generally, the typical time of devolatilization and particle
mixing in the fluidized bed are at the “second” level,
while the burnout time of char is much longer, which
means that char combustion process accounts for the vast
majority of the coal combustion time in a fluidized bed.
In the heating process, coal is pyrolyzed and releases a
large number of volatile matters containing C, N, and S,
such as CH,, C,H,, CO, HCN, NH,, H,S and CSZW.
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nous coal and lignite at various pressures during oxy-fuel
combustion, respectively. Figs. 4 to 6 show the SO,
emission curves of bituminous coal at various pressures
during oxy-fuel combustion. For easy comparison, the
total emission amount of SO, at 850 C with a coal feed
of 4 g is regulated as a baseline. Due to the low content
of sulphur in Yunnan lignite, its SO, emission will not be
analyzed in this study. For Figs. 3 and 4, the temperature
of the riser is maintained at around 850 C, and the
amount of coal fed is 7 g. It is clear from Fig. 3 that the
NO concentration of both types of coal has a significant re-
duction when the pressure increases from 0.1 to 0.7 MPa.

22r = 0,;-o-C0; 4+ NO; <S50, 71000
20 - -.L f%— 300 E
L ;ﬂ 4 b g
18- i l‘; ‘k 5~
e
16 ] £ N % 5%
& 00 R ¥
% S
200 5
S
0
0 20 40 60 80 100 120
Time/s
(a)
24r- —=0,;-=CO; - NO; ——S0 A—IOOO:\
=y ’ ﬂmn\] ? 93000 T IE
2 [ \u}] _“4‘--#"_ 2 500 E - 800 ;éo
20 \. \ = w0 N
- ; 2 000 \El 4600 }0
18F \ S g
) 7 I A 41500 .S E
Sier fh N Eq400
\ ) 41000 & g
14+ I 1N 21, S
T e qs0 S0
ar ,ﬂ/‘mmamamﬂ B o =1 g
0 20 40 60 80 100 120
Time/s

(b)
Fig.2 0O,, CO, NO and SO, releasing profiles of bituminous

coal at 0. 7 MPa under different atmospheres. (a) Air atmos-
phere; (b) 21% O,/79% CO, atmosphere

Then, part of volatile substances will react with oxygen to
generate CO, NO and SO,. As the combustion reaction
proceeds, the char combustion process will also produce
these three kinds of gas, resulting in the rise of pollutant
concentrations. According to the same reason for the rise
of oxygen concentration at the end of the combustion
process, as the reaction goes on, the combustible content
of the coal will be gradually reduced; resulting in the
slow formation rate and the decrease of the concentrations
of CO, NO and SO,.

It is clear from Fig.2 that the maximum amount of each
pollutant under two atmospheres are quite different. Com-
pared with pressurized air combustion, the maximum con-
centration of CO in pressurized oxy-fuel combustion is
much higher, about 3 000 mg/m’. This means that the CO
concentration in the flue gas in a 21% O,/79% CO, atmos-
phere is much higher than that in a 21% O,/79% N, atmos-
phere. The peak values of NO and SO, under a pressurized
air are about 150 and 315 mg/ m’, while those under a
pressurized oxy-fuel atmosphere are 35 and 50 mg/m’, re-
spectively. So it can be concluded that when the oxygen is
at the same level, the NO and SO, concentrations in the
flue gas under a pressurized O,/CO, atmosphere are lower
than those under a pressurized O,/N, atmosphere.

2.2 Effect of pressure on O,/CO, combustion pollu-
tant release process

Fig. 3 shows the NO concentration curves of bitumi-
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Fig.3 NO concentration curves under various pressures. (a)
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Fig. 6 Relationship between SO, emission and pressure for bi-
tuminous coal (0O,/CO,)

According to the formation mechanism of NO, the NO
generated during coal combustion can be divided into
three types, thermal-NO, prompt-NO and fuel-NO. The
nitrogen molecules from air oxidized at high temperature
is called the thermal-NO, and it depends highly on the
combustion temperature. Due to the relatively low tem-
perature of fluidized bed combustion, usually fuel-NO
makes up 90% of the total NO. In this section, experi-
ments were conducted under the O,/CO, atmosphere with
the dense zone temperature less than 900 C, so almost all
of the NO measured by the gas analyzer can be considered
to be fuel-NO.

The influence of pressure on NO emission can be divid-
ed into the following two aspects: on the one hand, the
pressure will affect the NO formation during the combus-
tion process'”’, and on the other hand, the pressure also
affects NO reduction'"” . It can be known from Fig. 3 that
the amount of NO generated in a fluidized bed during
oxy-coal combustion decreases when the operation pres-
sure increases. The oxygen partial pressure increases with
the increase in the total pressure if the gas composition is
constant, and the high oxygen partial pressure can speed
up the oxidation reaction of fuel-N and increase the con-
version rate of fuel-N to NO. However, the CO, partial
pressure also increases with the increase in the total pres-

sure, and the high CO, partial pressure promotes the for-
mation reaction of CO """ as expressed by the follow-
ing reactions:

CO, + C-2CO (1)
CO, + H—CO + OH (2)
2C0,2C0 + 0, (3)

Also, the existence of the high concentration of CO
promotes the NO/CO/ char reduction reactions:

NO + CO—0. 5N, + CO,
NO + C—0. 5N, + CO

(4)
(5)

In addition, the high pressure increases the diffusion
resistance of NO from internal to external of char, and
thus prolongs the residence time of NO inside the char.
Therefore , it makes it easier for NO to be heterogene-
ously reduced by char. The influence of pressure on the
NO emission under the O,/CO, atmosphere is a com-
bined effect of both fuel-N oxidation reaction and NO re-
duction reaction; therefore, the low NO emissions under
high pressure is due to the fact that the NO consumption
rate is greater than the formation rate.

The influence of pressures on SO, concentration can be
divided into two parts. From 0.1 to 0.5 MPa, SO, con-
centration has a slight decline. However, when the pres-
sure reaches 0. 7 MPa, the SO, concentration decreases
significantly. During oxy-fuel combustion, many process
parameters such as atmosphere, temperature, excess OXy-
gen ratio and fuel affect the SO, release, and the most
important one is the sulfur content in the fuel''*. Ref.
[11] studied SO, emission during oxy-fuel combustion in
the fluidized bed at various pressures, and it showed that
the pressure has little influence on SO,emission. Howev-
er, it must be mentioned that in that paper the maximum
operation pressure is 0.45 MPa, and to some extent their
findings are similar to the results of this study when the
pressure ranges from 0. 1 to 0.5 MPa. Also, Bo'"' point-
ed out that increasing pressure can decrease SO, emis-
sion. CT5000B sulphur analyzer is used to analyze the
sulfur content in fly ash for bituminous coal under various
pressures, and the result is shown in Tab. 2. It can be
demonstrated that the sulfur content in fly ash will in-
crease as the pressure increases, and the increase is partic-
ularly clear when the pressure changes from 0.5 to 0.7
MPa. This phenomenon indicates that high pressure en-
hances the sulfur retention ability of ash under the O,/
CO, atmosphere. In summary, the effect of pressure on
SO, emission under the O,/CO, atmosphere will appear
only at high pressures ( >0.5 MPa).

Tab.2 Sulfur content in fly ash for bituminous coal under vari-
ous pressures

Pressure/MPa 0.1 0.3 0.5
3.49 3.56 3.72

0.7
6.21

w( sulfur content) /%




192 Duan Yuangiang, Duan Lunbo, Hu Haihua, and Zhao Changsui

2.3 Effect of atmosphere on pollutants’ release process

4 showed that due to the differ-

ence in combustion atmosphere,

A number of studies
there is a significant
difference in N and S release and conversion between
oxy-coal combustion and typical air combustion. Com-
pared with atmospheric O,/CO, combustion, the exist-
ence of high concentration and a high partial pressure of
CO, will have a great impact on coal combustion and gas-
eous pollutant formation.

Fig. 7 is the NO concentration curves for bituminous
coal under two different atmospheres at 0.1 and 0.7 MPa.
The maximum values of NO concentration are high at an
atmospheric pressure under the O,/CO, and air atmos-
phere, about 150 and 250 mg/m’, respectively. When
the pressure reaches 0. 7 MPa, the peak values decrease
to 35 and 150 mg/m’. Compared with air atmosphere,
NO release concentration under the O,/CO, atmosphere at
different pressures is relatively low. The reason is that
when the O, concentration is constant, the replacement of
N, by CO, is beneficial to the generation of CO. Then,
the high concentration of CO can stimulate the homogene-
ous reduction reaction of NO, and a large amount of NO
is reduced to N,.
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Fig. 8 and Fig. 9 are the SO, concentration for bitumi-
nous coal under two different atmospheres at 0. 1 and 0.7
MPa, respectively. The total emission amount of SO,
during air combustion at 0. 1 MPa is set to be the baseline
value. The maximum values of SO, concentration are 210
and 630 mg/m’, respectively. When pressure reaches
0.7 MPa, the peak values are about 50 and 320 mg/m’.
It is clear that the SO, release concentration during oxy-
fuel combustion at different pressures is lower than that
during air combustion. Sulfur in coal usually presents in
three main types, pyrite, organic and inorganic sulfur.
Due to differences in the combustion atmosphere, the
high heat capacity of CO, can lower the particle tempera-
ture by absorbing more heat generated during combus-
tion, resulting in the low conversion rate of S to gas
phase SO, and the enhancement on sulfur retention ability
of solid ash'""'.
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3 Conclusions

Experiments on the combustion of bituminous coal and
lignite were conducted in a lab-scale pressurized fluidized
bed system, and the influences of pressure and atmos-
phere on CO, NO and SO, release process were focused
upon. Some conclusions can be drawn as follows:

1) The release of the main exhaust gas compounds (O,,
CO, NO and SO,) during coal combustion under a pressur-
ized oxy-fuel atmosphere are similar to those under a pres-
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surized air atmosphere under the baseline condition (0. 7
MPa, 850 C), and the curves of measured gas components
are all unimodal.

2) Under the oxy-fuel condition, the increase in pres-
sure can result in the inhibition of NO and SO, emissions,
following that as the total pressure increases, both the
maximum concentration and the total emissions of NO
and SO, decrease.

3) Compared with air combustion, the maximum con-
centration and the total production of NO and SO, in oxy-
fuel combustion are lower.

4) The elevation of temperature can lead to an increase
in the maximum concentration and the total production of
NO and SO,, and the increase under atmosphere is stron-
ger than that under pressure.
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