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rogen transformation in
pressurized oxy-fuel combustion of pulverized coal

Xiaorui Liang, Qinhui Wang, * Zhongyang Luo, Heng Zhang, Kaikun Li, Yi Feng,
Abdul Rahim Shaikh and Jianmeng Cen

Chemical kinetic modeling was applied to simulate N transformation in the pressurized oxy-fuel

combustion process of pulverized coal. Modeling accuracy was validated by experimental data at

different operation pressures. The key reaction paths from fuel-N to different N products were revealed

by analyzing the rate of production. NO formation was synergistically affected by six elementary

reactions, in which NCO and other intermediate species were involved. The reactions among N, NH,

NH2, and NO were the key paths of N2 formation. After pressurizing the combustion system, NO and N2

contents decreased and increased, respectively. High operation pressure inhibited the diffusion of NO

from the internal to the external part of char. This condition prolonged the residence time of NO inside

the char, triggered a typical heterogeneous reaction between gaseous NO and unburned char, and

reduced the conversion from fuel-N to NO. Moreover, modeling was performed to predict NOx emission

in pressurized oxy-fuel combustion as a function of various operating parameters, including temperature

and excess air and recycling ratios. This study may provide guidance for reducing NOx emissions and

improving combustion efficiency in oxy-fuel combustion, and it can serve as a reference for industrial

applications that involve pulverized coal combustion.
1 Introduction

Greenhouse gases emitted from coal-red power plants,
industrial boilers, and other energy utilization equipment are
preferentially enrolled in the blacklist for emission reduction
due to the pressure posed by increasing environmental aware-
ness.1–3 Researchers worldwide are developing new combustion
techniques for energy conservation and emission reduction.
Oxy-fuel combustion is one of the most promising approaches
due to its low CO2, NOx, and SOx emissions and high combus-
tion efficiency of pulverized coal.4–6

In oxy-fuel combustion, a blend of nearly pure oxygen is used
as an oxidant instead of air. This usage results in a ue gas that
consists mainly of CO2 and H2O and allows the occurrence of
a simple gas purication process before CO2 capture. Oxy-fuel
combustion always involves ue gas recirculation (FGR) in
practice. The formation mechanism of air pollutants is
remarkably different from that of air-ring combustion due to
the inuence of a low ame temperature and CO2-rich atmo-
sphere. The transformation of N from fuel-N to NOx has elicited
widespread attention.7–9 Several studies have reported that NOx

emissions in oxy-fuel combustion with the FGR process are
inferior to those under air-ring conditions because the
lization, Zhejiang University, Hangzhou
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combustion process has lower temperatures and higher char
concentrations than air-red combustion.10–13

The formation mechanism of NOx during oxy-fuel combus-
tion has been investigated mainly under atmospheric pressure
conditions, and only a few studies have reported N trans-
formation under pressurized oxy-fuel combustion. Lasek et al.14

set up a pressurized oxy-fuel combustion process and observed
reduced NO emission in air-red and oxy-fuel pressurized
combustion. The authors concluded that the positive inuence
of pressure on NO reduction is the creation of preferential
conditions for the NO–char reaction. Lei et al.15 investigated the
release behavior of NOx during pressurized oxy-fuel combustion
of Datong bituminous coal and discovered that NO2 emission
declines at 3 MPa due to the accelerated decomposition rate of
NO2 at high combustion temperatures. However, the charac-
terizations applied in these studies limited the demonstrations,
and the elementary reactions involving the combustion process
were unclear. Therefore, the N transformation mechanism
during pressurized oxy-fuel combustion still requires clarica-
tion. Moreover, modeling studies on NOx emissions in oxy-fuel
combustion focused on gaseous fuels.12,16 Modeling of pulver-
ized coal relied on computational uid dynamics codes with
simplied schemes of nitrogen transformation and exhibited
limited accuracy when compared with experimental results.17

In the present study, a chemical engineering model was
applied to simulate NOx formation and consumption during
pressurized oxy-fuel combustion. This work aims to predict NOx
This journal is © The Royal Society of Chemistry 2018
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Table 2 Estimated molar volatile composition of the present coal

Species H2O CO2 CH4 CO Csoot C2H2 HCN
Molar fraction 17.2 6.7 6 8.1 36.8 23.8 1.4
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emission as a function of various operating parameters,
including operation pressure, temperature, and excess air and
recycling ratios. Rate of production (ROP) and sensitivity anal-
yses were performed to determine the key reaction paths from
fuel-N to different N products. The analysis results were
compared with and validated against experimental data. This
study may provide guidance for reducing pollutant emissions
and improving oxy-fuel combustion efficiency, and it can serve
as a reference for industrial applications that involve pulverized
coal combustion.

2 Experimental and modeling
2.1 Modeling

Simulations of the oxy-fuel combustion of pulverized coal were
performed using the plug ow reactor model of CHEMKIN-PRO.
Mixing, pyrolysis, combustion, and gas–solid reactions were
represented by expressions that can be handled in CHEMKIN.

The physical model was based on conservation equations for
mass, energy, and species in a specied system. The inuence
of thermal diffusion was considered in the simulations, and the
multicomponent method was used to calculate the transport
parameters. The initial conditions, including initial tempera-
ture, operation pressure, ow rate, and reactant fractions, were
inputted for computation. The coal sample used in this study
was a type of bituminous coal, and the pyrolysis process was
conducted in oxy-fuel (O2/CO2) atmosphere at a high heating
rate. According to previous research,18–20 pyrolysis of bitumi-
nous coal at a high heating rate produces HCN, especially in
oxy-fuel atmosphere. Therefore, HCN was considered as the
main pyrolysis product of fuel-N in this study.

The thermodynamic and kinetic parameters modied by
Hashemi et al.17 was applied in this work. The detailed
elementary reactions used were proposed by the Lawrence Liv-
ermore National Laboratory, and these reactions have been
widely tested and veried by several studies on pulverized coal
combustion.21–24

2.2 Materials

The Shenhua coal utilized in this study was purchased from the
largest coal producer (Shenhua Group Corporation Ltd.) in
China. The proximate and ultimate analyses that were con-
ducted are presented in Table 1. Coal samples were pulverized
into 60–100 meshes by using a coal mill before the combustion
experiments. Then, the coal powders were dried at 105 �C for
12 h to remove moisture.

The major pyrolysis products of pulverized coal consisted of
conventional light volatiles (H2O, CO2, CH4, CO, etc.) and char.
Table 1 Proximate and ultimate analyses of the present coal

Proximate analysis (%)

Qb,ad (kJ g�1)Mad Aad Vad FCad

1.66 10.18 30.83 57.33 283.27

This journal is © The Royal Society of Chemistry 2018
HCNwas the main pyrolysis product of fuel-N. In this modeling,
we assumed that char is largely converted into soot and C2H2

according to the C/H ratio, as reported in similar studies.25,26

The molar volatile composition of the present coal was esti-
mated in accordance with Mackrory correlations,27 which are
illustrated in Table 2.
2.3 Experimental

The experimental apparatus and procedure are illustrated in
Fig. 1. The pressurized oxy-fuel combustion process was
implemented in a xed-bed reactor. The reactor tube was made
of nickel-base alloy steel to ensure device stability under high
operation pressures and temperatures. The lengths of the
furnace and tube were 660 and 1000 mm, respectively. The
inner and external diameters of the tube were 50 and 85 mm,
respectively. Furthermore, the furnace consisted of three heat-
ing zones to stabilize the temperature of the combustion zone.
The combustion zone was in the middle of the furnace, and the
two ends of the furnace worked as heat preservation areas. The
temperature of the furnace bed was monitored automatically by
thermocouples. The monitoring point was set inside the steel
tube where the coal samples were placed to ensure accurate
temperature control.

Initially, CO2 and O2 with 99.99% purity were used as the
carrier gas and oxidant in oxy-fuel combustion, respectively.
The O2/CO2 volume ratio was set to 21 : 79 in the carrier gas,
and the total feed ow rate was maintained at 1000 mlN min�1

with a mass ow controller. The operation pressure of the
system was monitored by two pressure sensors located at the
inlet and outlet of the steel tube. During each test, the reactor
was heated to the corresponding temperature and fed with O2/
CO2 for 30 min. Thereaer, 1.0 g of coal sample was uniformly
spread in a quartz boat (length of 200 mm and width of 35 mm)
and rapidly pushed into the center of the steel tube. The
combustion experiments were conducted at a temperature of
900 �C for 10 min. A Fourier transform infrared (FTIR) gas
analyzer, Gasmet DX4000 (Finland), was utilized to measure NO
and CO2 concentrations. The FTIR instrument was calibrated by
selecting the appropriate positions of characteristic peaks
before the experiments to ensure highly accurate species
concentrations. During combustion, the gaseous species were
collected into a gas bag for subsequent analysis. Aer
Ultimate analysis (%)

Cad Had Nad Sad Oad

73.57 4.23 0.9 0.53 8.93

RSC Adv., 2018, 8, 35690–35699 | 35691
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Fig. 1 Schematic of the experimental apparatus.
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combustion, the gas bag was transferred and connected to the
FTIR instrument. The pipeline that connected the gas bag and
FTIR instrument was maintained at 180 �C to prevent the
gaseous species from condensing. The measurement frequency
of the FTIR instrument was set to 3 s. The species concentration
of each sampling point was measured by the FTIR instrument
three times and averaged to ensure high accuracy. Additionally,
a gas chromatograph (Agilent 7890A, USA) equipped with
a thermal conductivity detector (TCD) was utilized to measure
the N2 concentration. Each experiment was conducted three
times and averaged to ensure that the relative standard devia-
tions were below 3%.
3 Results and discussion
3.1 Model validation

Modeling accuracy was validated by comparing the molar frac-
tion of the major combustion products at different operation
pressures in the numerical simulation and experimental
results. The experiments and modeling were conducted at
Fig. 2 Comparison of experimental data (solid lines) and modeling
results (dashed lines) of major combustion products as a function of
operation pressure in pressurized oxy-fuel combustion.

35692 | RSC Adv., 2018, 8, 35690–35699
a temperature of 900 �C. As shown in Fig. 2, the NO and N2

contents in the experimental data and modeling predictions
decreased and increased, respectively, as the operation pressure
increased. However, the modeling results of NO content were
slightly underestimated compared with those of the experi-
mental data. This result can be ascribed to the temperature
variation during the combustion process. Although the
temperatures in the modeling and experiment part were set to
be similar (900 �C), the actual temperature in the experimental
part might have slightly exceeded 900 �C due to the exothermic
reaction of combustion. Therefore, the oxidation of fuel-N into
NO accelerated, resulting in high values of NO content in the
experimental results. Additionally, the concentration of CO2

emitted from the ue gas was nearly constant in the entire
pressure range, implying that the majority of volatiles were
completely combusted in pressurized oxy-fuel combustion. As
demonstrated in Fig. 2, the simulation results are in good
agreement with the experimental data. Therefore, the reaction
mechanism and calculation method applied in this work are
reasonable and convincing.

3.2 Nitrogen products and free radicals

Fuel-N is the only source of nal nitrogen products in oxy-fuel
combustion. In the current modeling of pulverized coal, HCN
was added as fuel-N. The modeling results showed that NO,
NO2, N2O, and N2 were the primary N products. The molar
fractions of the four products varied along the homothermal
length of the reactor, as illustrated in Fig. 3. The coal sample
was rapidly pushed into the center of the steel tube aer the
reactor was preheated, as indicated in Section 2.3. Thus, the
start point of the distance in Fig. 3 is the center of the steel tube.

As displayed in Fig. 3a, the molar fraction of NO increased
sharply to 1.16� 10�3 at the initial stage of oxy-fuel combustion
then remained almost unchanged until the end of the
combustion. The molar fraction of N2 increased to 1.08 � 10�4,
indicating that N2 was the second most abundant product. Two
other conventional N compounds, namely, NO2 and N2O, were
observed among the products. The molar fractions of NO2 and
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Molar fraction of main nitrogen products as a function of
reactor distance in (a) atmospheric oxy-fuel combustion and (b)
pressurized (1.1 MPa) oxy-fuel combustion. The modeling is simulated
at a temperature of 900 �C and excess air ratio of 1.0.

Fig. 4 Molar fraction of H, O, and OH radicals as a function of reactor
distance in atmospheric oxy-fuel combustion (dashed lines) and
pressurized (1.1 MPa) oxy-fuel combustion (solid lines). The modeling
is simulated at a temperature of 900 �C and excess air ratio of 1.0.

Table 3 Major elementary reactions involving nitrogen transformation

No.a
Chemical reaction
equation No.a

Chemical reaction
equation

R1 H + O2 5 O + OH R442 NH + NO 5 NNH + O
R351 HNO + H 5 NO + H2 R514 HCN + M 5 HNC + M
R361 NO + HO2 5 NO2 + OH R516 HCN + O 5 NCO + H
R391 N2O + H 5 N2 + OH R521 HCN + OH 5 HNCO + H
R417 NH2 + NO 5 N2 + H2O R526 HNC + O 5 NH + CO
R418 NH2 + NO 5 NNH + OH R527 HNC + OH 5 HNCO + H
R422 NH + H 5 N + H2 R537 CN + NO2 5 N2 + CO2

R423 NH + O 5 NO + H R544 HNCO + H 5 NH2 + CO
R430 NH + NO 5 N2O + H R546 HNCO + O 5 NCO + OH
R432 NH + NO 5 N2 + OH R547 HNCO + O 5 NH + CO2

R434 NH + NO2 5 N2O + OH R548 HNCO + O 5 HNO + CO
R435 N + OH 5 NO + H R571 NCO + O 5 NO + CO
R436 N + O2 5 NO + O R697 C + NO 5 CN + O
R437 N + NO 5 N2 + O R698 C + NO 5 CO + N
R438 NNH 5 N2 + H

a The sequence numbers (no.) of elementary reactions are derived from
the reaction mechanism database.17
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N2O were 3.43 � 10�6 and 1.18 � 10�5, respectively. Aer the
initial stage of oxy-fuel combustion, the molar fractions of the
four N products remained constant, indicating that the
combustion system was stable.

However, the yields of the four N products differed remark-
ably aer introducing operation pressure (1.1 MPa) into this
combustion system. As indicated in Fig. 3b, the molar fraction
of NO decreased from 1.16 � 10�3 to 7.78 � 10�4 during
atmospheric and pressurized oxy-fuel combustion. Meanwhile,
the molar fraction of N2 increased gradually and stabilized at
2.93 � 10�4. Notably, the yield of NO declined by 30%, whereas
that of N2 increased by nearly three times compared with
atmospheric pressure. The NO2 and N2O contents were 1.78 �
10�5 and 1.33 � 10�5, respectively, suggesting that the
production of NO2 was promoted and slightly exceeded that of
N2O.

The molar fraction changes of H, O, and OH radicals in the
combustion process are also shown in Fig. 4. The maximum
molar fractions of the three radicals (Fig. 4) are much higher
than those of the N products in atmospheric and pressurized
This journal is © The Royal Society of Chemistry 2018
oxy-fuel combustion (Fig. 3). This result implies that H, O, and
OH radicals are vital to the ignition process at the initial stage of
combustion. Studies28,29 have proven that in the ignition process
of fuel combustion, the chain branch reaction R1: H + O25 O +
OH (Table 3) plays the leading role in promoting combustion.
Additionally, all three radicals' molar fractions in the initial
stage of pressurized oxy-fuel combustion were superior to those
in atmospheric oxy-fuel combustion. This result indicates that
the reaction rate is much faster in pressurized oxy-fuel
combustion than in atmospheric oxy-fuel combustion. This
result can be explained by classic chemical reaction collision
theory.30 The quantity of activated molecules in the reaction
system increases as the pressure increases, thereby increasing
the number of effective collisions and improving the rate of
chain branch reaction R1. Furthermore, R1 consumes one H
radical and generates two radicals (O and OH) simultaneously.
RSC Adv., 2018, 8, 35690–35699 | 35693
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Thus, the increase in pressure results in an exponential increase
in free radical concentration and promotes the establishment of
a radical pool. This radical pool then triggers numerous
elementary reactions, sustains the entire combustion process,
involves N conversion, and consumes fuel to the end.

3.3 ROP analysis of NO

ROP analysis of the modeling calculations was performed to
study the transformation of N and obtain an improved under-
standing of N transformation in pressurized oxy-fuel combus-
tion. The major elementary reactions involving N
transformation are presented in Table 3. Positive and negative
ROP values indicate the rates of formation and consumption of
NO, respectively.

In atmospheric oxy-fuel combustion, the six major elemen-
tary reactions involving NO production are R423, R435, R436,
R571, R697, and R698, as shown in Fig. 5a. The rst four
elementary reactions (R423, R435, R436, and R571) were crucial
in promoting NO formation. The last two elementary reactions
(R697 and R698) mainly worked on NO consumption. R571
participated in the entire reaction process and displayed the
highest reaction rate (with a maximum reaction rate of 1.48 �
Fig. 5 Reaction rate of NO as a function of reactor distance in (a)
atmospheric oxy-fuel combustion and (b) pressurized (1.1 MPa) oxy-
fuel combustion. The modeling is simulated at a temperature of
900 �C and excess air ratio of 1.0.

35694 | RSC Adv., 2018, 8, 35690–35699
10�3 mol cm�3 s�1) of NO production, implying that NCOmight
be the prior intermediate product with regard to NO formation.
R423, R435, and R436 also exhibited remarkable acceleration in
NO formation, verifying that NH and N acted as the two other
chief intermediate products. On the contrary, a fraction of
generated NO was consumed mainly through R697 and R698.
This result can be ascribed to the reduction atmosphere at the
initial stage of combustion. The generated NO diffused and
transferred to the vicinity of unburned char then triggered
a typical heterogeneous reaction between gaseous NO and
unburned char. Aer adsorption on the surface of char, the NO
molecules combined with the active species on the carbon
surface and were reduced into low-valence species there-
aer.31,32 However, the maximum reaction rates of R697 and
R698 were relatively lower than those of R423, R435, R436, and
R571. This result implies that considerable quantities of NO
existed in the ue gas, which is in accordance with the results in
Fig. 3a.

Aer pressurizing the combustion process, the six major
elementary reactions that involved NO production and
consumption were unchanged, as illustrated in Fig. 5b. Notably,
the reaction rates of these six elementary reactions were
improved greatly. With regard to the main NO production
reaction (R571), the maximum reaction rate increased to 3.82 �
10�2 mol cm�3 s�1. The maximum reaction rates of the main
NO consumption reactions (R697 and R698) were also signi-
cantly enhanced. Furthermore, the maximum reaction rates of
R697 and R698 increased to the same magnitude order as R571,
which is slightly different from the situation in atmospheric
combustion. Thus, we infer that the NO content in the ue gas
decreased distinctly, whereas the low-valence N species (N2)
increased, as veried by the results in Fig. 3b.

The rapid increase in reaction rate under the pressurized
condition can be explained by chemical reaction rate (1),
Arrhenius (2), and Clapeyron (3) equations.

r ¼ k[HCN]M[O2]
N, (1)

k ¼ A exp

��Ea

RT

�
; (2)

PV ¼ nRT, (3)

where r is the chemical reaction rate in mol L�1 s�1, [x] is the
concentration of reactant x in mol L�1, M and N are the orders
of the reaction, k is the reaction rate constant in s�1, A is the pre-
exponential factor in s�1, Ea is the activation energy in J mol�1, R
is the ideal gas constant (8.314 J K�1 mol�1), T is temperature in
K, P is pressure in Pa, V is the gas volume in L, and n is the molar
amount in mol.

We assumed that the gaseous components in this reactor are
ideal. In this modeling, the reaction rate constant (k) was
unchanged because the temperature (T) was constant according
to eqn (2). As the pressure (P) increased, the molar amount (n)
and/or concentration [x] of the reactants increased because the
gas volume (V) was constant according to eqn (3). Thereaer,
the reaction rate (r) augments exponentially with the increase of
This journal is © The Royal Society of Chemistry 2018
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[x] according to eqn (1). This conclusion has been proven by
many studies and is in accordance with our modeling
results.33–35

In summary, aer pressurizing the combustion system, the
promotion of NO consumption rate exceeded that of NO
production rate. The decrease in emitted NO content in pres-
surized oxy-fuel combustion synergistically resulted from the
six major elementary reactions, namely, R423, R435, R436,
R571, R697, and R698.
3.4 Key reaction paths

The key reaction paths involving N transformation in oxy-fuel
combustion were described in accordance with the ROP and
sensitivity analyses in this modeling, as demonstrated in Fig. 6.
The reaction paths were complicated processes that involved
multiple elementary reactions toward multiple potential direc-
tions. Nevertheless, fuel-N (HCN) generally reacted initially with
H, O, and OH radicals to generate NCO, HNCO, and HNC. These
three species are pivotal products to start HCN conversion, not
only to NOx but also to N2.36–39

During the entire oxidation process from HCN to NO, the O
radical acted as the main oxidant. Initially, HCN was converted
to NCO and HNCO through R516 and R521, followed by the
oxidation of HNCO to NCO via R546. Plenty of NCO was formed
and accumulated by these three reaction paths. According to
Glarborg,36 the subsequent reaction of NCO largely determines
the fate of N atoms in the NO formation process, which is in
good agreement with our modeling results. As the major
precursor of NO, the NCO generated from R516, R521, and R546
Fig. 6 Reaction paths of nitrogen transformation in pressurized oxy-
fuel combustion.

This journal is © The Royal Society of Chemistry 2018
was further oxidized by the O radical through R571. However,
a small fraction of the generated HNCO from R521 was con-
verted to NH, N, and HNO through R547, R422, and R548,
respectively. The generated NH, N, and HNO were further
oxidized to NO through R423, R435, and R351. In this manner,
the migration and conversion of N atoms from HCN to NO was
completed. Thereaer, the conversion from NO to NO2 and N2O
was triggered through R361, R430, and R434. According to these
reaction paths, the free radical pool played a crucial role
throughout the entire oxidation process involving NOx

formation.
Fig. 6 also illustrates the conversion from HCN to N2.

Initially, HCN was converted to HNCO and HNC through R521
and R514. The generated HNC was partially converted into
HNCO through R527. Then, conversion from HNCO and HNC
to N, NH, and NH2 was realized through R547, R544, R526, and
R422. Notably, the subsequent reactions between N/NH/NH2

produced from the abovementioned reactions and the NO
generated in the aforementioned paths were the key step of N2

formation in the process.37,38 As shown in Fig. 6, N, NH, and NH2

reacted with NO through R437, R432, and R417. Another
intermediate product, NNH, which participates in the N trans-
formation of most oxy-fuel combustion,39 was also evident.
NNH was produced through R442 and R418. As an unstable
species, NNH dissociated automatically into N2 through R442
and R418. However, a small fraction of NO2 and N2O generated
in the aforementioned paths was reduced into N2 through R537
and R391. Herein, the migration and conversion of N atoms
from HCN to N2 were demonstrated.

In summary, H, O, and OH radicals were vital to sustaining
and accelerating the entire reaction process. NCO acted as the
major precursor to form NO. NO could be further converted into
NO2 and N2O. Furthermore, the reactions among N, NH, NH2,
and NO were the key steps of N2 formation. NO2 and N2O could
also be converted into N2 through particular paths. Generally,
the migration and conversion of N atoms in oxy-fuel combus-
tion are complicated with regard to the formation and
consumption of N species.
3.5 Effect of operation pressure

Fig. 7 demonstrates the trend of N products as a function of
operation pressure in pressurized oxy-fuel combustion. The NO
molar fraction displayed a signicant reduction when the
operation pressure increased from 0.1 MPa to 2.1 MPa. On the
contrary, the molar fraction of N2 showed an opposite trend as
the pressure increased. In this modeling, oxy-fuel combustion
was conducted under O2/CO2 atmosphere with a temperature of
less than 1000 �C. Thus, almost all of the NO can be considered
to have been produced from fuel-N.

The increasing operation pressure exerted two effects on NO
emission. First, the concentration [x] of reactants increased with
the increase in total pressure, leading to the acceleration of the
oxidation reaction rate from fuel-N to NO, as discussed in
Section 3.3. Therefore, the molar fraction of NO in the ue gas
increased accordingly. Second, the partial pressure and
concentration of CO2 also increased with the increase in total
RSC Adv., 2018, 8, 35690–35699 | 35695
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Fig. 7 Effect of operation pressure on the main nitrogen products
simulated at a temperature of 900 �C and excess air ratio of 1.0.

Fig. 8 Effect of temperature on the main nitrogen products simulated
at an operation pressure of 1.1 MPa and excess air ratio of 1.0.
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pressure.40–42 The high CO2 partial pressure resulted in an
elevated concentration of CO through the following reactions.

CO2 + C / 2CO (4)

2CO2 / 2CO + O2 (5)

Thereaer, the generated CO promoted the reduction of NO
through the following reaction.

2NO + 2CO / N2 + 2CO2 (6)

The high pressure inhibited the diffusion of NO from the
internal to the external part of char, thereby prolonging the
residence time of NO inside the char. As discussed in Section
3.3, the high NO concentration triggered a typical heteroge-
neous reduction with unburned char through the following
reaction.

2NO + 2C / N2 + 2CO (7)

According to these demonstrations, the increase in total
pressure was benecial to NO reduction and N2 formation. The
molar fraction of NO2 also increased slightly with the increase
in pressure. This condition can be ascribed to the promotion of
the following reaction.

2NO + O2 / 2NO2 (8)

However, this reaction was limited because the pressure and
residence time were insufficient to realize complete oxidation to
NO2.43

In summary, operation pressure exerted a joint effect on NO
formation and reduction. The molar fraction of NO decreased
with the increase in total pressure, whereas that of N2 increased.
3.6 Effect of temperature

Temperature is an important factor that inuences the
conversion of combustion products, especially N oxides.
35696 | RSC Adv., 2018, 8, 35690–35699
Improving the temperature of a combustion system exerts
complex effects on N evolution.44 The oxidation of N into NO is
accelerated, and the reduction of N from high valence to low
valence is facilitated. Thus, the NO molar fraction in ue gas is
an integrated result of multiple reactions.

As shown in Fig. 8, the nal molar fraction of NO emitted
from the reactor increased with the increase in temperature,
whereas N2 and NO2 displayed the opposite trend. Generally,
not all of N atoms can be deeply oxidized to high-valence N (NO
and NO2) at a low-temperature range due to the relatively low
reaction rate and reactivity. Moreover, reductive N species, such
as HCN, NH3, and HNCO, that are not timely oxidized certainly
react with NO to generate a considerable amount of N2 through
a similar path of the SNCR process.45,46 Therefore, the oxidation
products consist of medium-valence N (N2) and high-valence N
(NO and NO2) at a low-temperature range.

Aer the temperature range moved to a high value, the
reaction rate and reactivity of the oxidant were activated, and
many nitrogen species were oxidized to a high valence. Mean-
while, a large amount of NO was retained because the reduc-
tive N species were rapidly consumed. Therefore, the molar
fraction of NO increased with increasing temperature, whereas
a reverse trend was obtained for N2 conversion, which is
consistent with the results of previous studies.47–49 In a similar
combustion,45 the amount of fuel-N converted to NO2, N2O, and
NH3 is relatively small, with only NO being formed in large
amounts, which is in accordance with this study. In summary,
the formation of NO is thermodynamically favored as the
temperature increases.
3.7 Effect of excess air ratio

Excess air ratio is another crucial factor that affects pulverized
coal combustion and N conversion. The conversion ratio from
fuel-N to NO (denoted as CRNO) was calculated with the
following equation to evaluate the conversion degree of fuel-N.

CRNO ¼ cNO

cfuel-N
� 100%; (9)
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Effect of excess air ratio on the main nitrogen products simu-
lated at an operation pressure of 1.1 MPa and temperature of 900 �C. Fig. 10 Effect of recycling ratio on the main nitrogen products

simulated at an operation pressure of 1.1 MPa, temperature of 900 �C,
and excess air ratio of 1.0.
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where CRNO is the conversion ratio from fuel-N to NO (%), cNO is
the concentration of gaseous NO, and cfuel-N is the concentra-
tion of N in the estimated volatile composition illustrated in
Table 2. The molar fractions of main N products and CRNO as
a function of the excess air ratio in pressurized oxy-fuel
combustion are presented in Fig. 9.

As shown in the gure, CRNO increased gradually with the
increase in the excess air ratio. When the excess air ratio
exceeded 1.0, the concentration of inlet oxygen was higher than
the required molar ratio for complete combustion of N and C
species. In this case, the reductive species, such as HCN, NH3,
and HNCO, were rapidly consumed and adequately oxidized
into high-valence N (NO and NO2). Meanwhile, the incomplete
combustion carbon species, such as CO and unburned char,
were reduced due to the high oxygen content, thus decreasing
the chance of CO/NO and char/NO reduction. In short, the
reduction reactions in the combustion system were greatly
suppressed, leading to the high CRNO in the excess air ratio
range over 1.0.

However, the N conversion ratio to NO decreased substan-
tially as the excess air ratio declined. A 17% decrease in CRNO

was observed as the excess air ratio decreased from 1.0 to 0.8,
but the N2 molar fraction increased by 7%. The formation of NO
was inhibited under the low excess air ratio condition, and the
generation of N2 was promoted. In other words, appropriately
reducing the excess air ratio is conducive to lowering the NO
emission.
3.8 Effect of recycling ratio

In practice, oxy-fuel combustion always involves the FGR
process. As discussed in Section 3.1, the ue gas of oxy-fuel
combustion mainly consists of CO2 (approximately 80%, as
shown in Fig. 2) and H2O (nearly 20%, not shown here).
Therefore, a part of the ue gas is recycled into the intake
system to replace proportional inlet CO2 aer simple drying and
ltration. Accordingly, the cost of CO2 capture for oxy-fuel
combustion is reduced, and the net power generation effi-
ciency of the system is improved. A series of modeling with
different recycling ratios ranging from 0 to 0.8 was conducted to
This journal is © The Royal Society of Chemistry 2018
obtain insights into the actual N evolution process during
pressurized oxy-fuel combustion.

Fig. 10 presents the effect of recycling ratio on the main N
products. The NO molar fraction in the ue gas generally
increased as the recycling ratio increased. In the experiments
with FGR, a high concentration of NO was recycled along with
CO2 into the inlet mixture, thereby improving the NO molar
fraction in the nal ue gas. Thus, the higher the recycling ratio
is, the more concentrated the emitted NO is.

Additionally, the conversion ratio from fuel-N to NO (CRNO)
decreased with the increase in recycling ratio. This result can be
ascribed to the reaction between reductive N species (HCN,
NCO, and HNCO) and recycled NO. Large amounts of
reductive N species were rapidly consumed by recycled NO as
the recycling ratio increased. These N species are vital precur-
sors to form NO, as discussed in Section 3.4. Thus, the oxidation
paths to form NO were inhibited, leading to a continuous
reduction of CRNO as the recycling ratio increased. Moreover,
the reactions between reductive N species and recycled NO
produced abundant N2, resulting in an evident increase in N2

molar fraction in the ue gas, as illustrated in Fig. 10. These
results are in accordance with those reported by Yang in
a similar investigation on the coal reburning process.50 The
authors concluded that an increase in NO concentration in inlet
gas might lead to a decrease in HCN and an increase in N2 in the
exhausted gas. In this study, fuel-derived HCN accounted for
10% of the NO reduction in the ue gas at the initial stage of
combustion. However, the detailed mechanism still needs to be
explored.

Notably, the conversion ratio from fuel-N to NO (CRNO) dis-
played an opposite trend of nal NO concentration. However,
no contradiction was noted. A part of the ue gas was separated
to be recycled and serve as inlet CO2 aer involving FGR, and
the rest was emitted to the vent. The FGR process decreased the
ow rate of the nal emitted ue gas. With regard to combus-
tion with FGR, although the NO concentration in the ue gas
was high, the nal NO emission load was lower than the non-
recycle runs.
RSC Adv., 2018, 8, 35690–35699 | 35697
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4 Conclusions

In this study, chemical kinetic modeling was applied to
simulate N transformation in the pressurized oxy-fuel
combustion process of pulverized coal. Modeling accuracy was
validated by experimental data at different operation pressures,
and an ROP analysis was performed to determine the key
reaction paths from fuel-N to different nitrogen products. NO
emission was synergistically affected by six elementary reac-
tions, in which NCO and other intermediate species were
involved. The reactions among N, NH, NH2, and NO were the
key paths of N2 formation. NO and N2 contents decreased and
increased aer pressurizing the combustion system, respec-
tively. Accordingly, the high operation pressure inhibited the
diffusion of NO from the internal to the external part of char.
This condition prolonged the residence time of NO inside the
char, triggered a typical heterogeneous reaction between
gaseous NO and unburned char, and reduced the conversion
from fuel-N to NO. Moreover, modeling was performed to
predict NOx emission in pressurized oxy-fuel combustion as
a function of various operating parameters, including temper-
ature and excess air and recycling ratios. This studymay provide
guidance for reducing pollutant emissions and improving
combustion efficiency in oxy-fuel combustion, and it can serve
as a reference for industrial applications involving pulverized
coal combustion.
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19 J. Leppälahti, Fuel, 1995, 74, 1363–1368.
20 Y. Duan, L. Duan, E. J. Anthony and C. Zhao, Fuel, 2017, 189,

98–106.
21 M. Østberg, P. Glarborg, A. Jensen, J. E. Johnsson,

L. S. Pedersen and K. Dam-Johansen, Symposium
(International) on Combustion, 1998, 27, 3027–3035.

22 M. U. Alzueta, R. Bilbao, A. Millera, P. Glarborg, M. Østberg
and K. Dam-Johansen, Energy Fuels, 1998, 12, 329–338.

23 P. Glarborg, P. G. Kristensen, K. Dam-Johansen, M. Alzueta,
A. Millera and R. Bilbao, Energy Fuels, 2000, 14, 828–838.

24 E. Vilas, U. Skier, A. D. Jensen, C. López, J. Maier and
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