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bS Supporting Information
ABSTRACT: In this work, a model for the nitrogen chemistry in the oxy-fuel combustion of pulverized coal has been developed.
The model is a chemical reaction engineering type of model with a detailed reaction mechanism for the gas-phase chemistry,
together with a simpliﬁed description of the mixing of ﬂows, heating and devolatilization of particles, and gassolid reactions. The
model is validated by comparison with entrained ﬂow reactor results from the present work and from the literature on pulverized
coal combustion in O2/CO2 and air, covering the eﬀects of fuel, mixing conditions, temperature, stoichiometry, and inlet NO level.
In general, the model provides a satisfactory description of NO formation in air and oxy-fuel combustion of coal, but under some
conditions, it underestimates the impact on NO of replacing N2 with CO2. According to the model, diﬀerences in the NO yield
between the oxy-fuel combustion and the conventional combustion of pulverized coal can mostly be attributed to the recycling of
NO (reburning eﬀect) and to changes in the mixing patterns between fuel and oxygen. For pulverized-fuel combustion at high
temperatures, we think that NO is mainly reduced by heterogeneous reactions involving both char and soot. Here, the tar yield of the
volatiles is mainly converted to soot and H2, limiting the concentration of hydrocarbons and thereby the importance of gas-phase
removal of NO. Our work emphasizes the need for accurate descriptions of mixing, volatile composition (fate of tar), and
heterogeneous reactions. Furthermore, more work is desirable on the reduction of NO by CO on char at higher temperatures.

’ INTRODUCTION
An eﬀective measure to reduce green house gas emissions
from combustion is carbon dioxide capture and storage. This
process involves the separation of CO2 from industrial and
energy-related sources, transport to a storage location, and
long-term isolation from the atmosphere. The so-called oxy-fuel
combustion technology for pulverized fuel combustion is a
promising approach for facilitating CO2 sequestration.1,2 In this
approach, a blend of oxygen typically of greater than 90% purity
and recycled ﬂue gas is used for combustion of the fuel. Thereby,
the combustion process generates a ﬂue gas consisting mainly of
CO2 and H2O, allowing for a simple downstream removal of
CO2. The recycled ﬂue gas replaces the N2 in the combustion air
and serves to lower the ﬂame temperature and keep up the gas
volume through the boiler.
Oxy-fuel combustion with recirculation of ﬂue gases was
proposed initially by Horn and Steinberg3 and Abraham et al.4
The characteristics of oxy-fuel combustion diﬀer from air combustion in several aspects, such as the gaseous pollutant formation and emission.1,2 Particularly, the formation of nitrogen
oxides in oxy-fuel combustion has attracted interest and is treated
in signiﬁcant detail in two reviews.2,5 On the basis of reported
experimental results, Toftegaard et al.2 conclude that the amount
of NOx emitted from oxy-fuel plants can be reduced to somewhere between one-third and half of that from combustion in air.
Normann et al.5 state that, for a ﬁrst generation of oxy-fuel power
plants, conventional primary NOx control should be suﬃcient to
meet today’s emission regulations, if they are based on emission
per unit of fuel supplied. However, according to Normann et al.,
r 2011 American Chemical Society

there are several opportunities for new methods of NOx control
in oxy-fuel plants, depending on future emission and storage
legislation for carbon capture schemes, and they call for improved understanding of, among other things, the inﬂuence of
the parameters of oxy-combustion on nitrogen chemistry.
NOx emission rates during oxy-fuel combustion compared to
air-ﬁring have been reported for diﬀerent fuels in laminar ﬂow
reactors,6,7 entrained-ﬂow reactors,812 and swirling ﬂames.1320
In studies with recirculation of ﬂue gas, NOx is generally reduced
compared to the case of conventional combustion, but the level of
reduction depends on the reactor/burner design and the reaction
conditions.2 In once-through studies (i.e., without recirculation of
NO), NOx has been reported to either increase or decrease as air is
replaced with an O2/CO2 mixture.2
Reported modeling work on NOx in oxy-fuel combustion has
largely been limited to gaseous fuels.6,7,17,21 Models for oxy-fuel
combustion of coal have relied on computational ﬂuid dynamics
(CFD) codes with simpliﬁed schemes for the nitrogen chemistry.22,23 The simpliﬁed schemes used have a limited accuracy,2426
and these studies have not been able to fully explain the considerable
variation in NO emissions reported for diﬀerent oxy-fuel conﬁgurations.
The objective of the present work is to develop a chemical
engineering model for simulation of the NOx formation and
reduction in the combustion zone during coal combustion under
oxy-fuel conditions. It involves a detailed description of the
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It involves a detailed reaction mechanism for gas-phase hydrocarbon/
NO chemistry, together with a simpliﬁed description of mixing and
submodels for devolatilization and gassolid reactions involving char
and soot. The following sections present a description of the submodels
used in the present modeling approach.
Mixing. The time scales for nitrogen chemistry in combustion are
comparable to the mixing times between primary and secondary flows in
pulverized-fuel burners. In modeling, a satisfactory description of the
mixing process is important. The burners typically involve a richlean
transition, and an assumption of instantaneous mixing may lead to
considerable errors in the predicted NO levels. Previous modeling work
on reburning with gaseous30,31 and solid fuels28,29 indicates that a
modified Zwietering approach32 constitutes a useful approximation. In
this approach, the secondary flow containing most of the oxidizer is
gradually entrained into the primary flow with the main fuel (coal) and
carrier gas, assuming an exponential mixing rate. The mixing rate,
derived from an estimated or measured mixing time, is then given as30
dmprim
¼ kmsec
dt
Here, mprim and msec are the masses of the primary and secondary flows,
respectively. With this assumption, the mass flow of the fuel jet at a given
time is expressed by the following equation:
mprim ¼ mprim;0 þ msec;0 ð1  expð  ktÞÞ

Figure 1. Sketch of the entrained ﬂow reactor.

gas-phase chemistry together with a simpliﬁed description of
mixing, devolatilization, and gassolid reactions. The aim is to
predict NO as a function of coal type and process conditions. The
model is validated by comparison with entrained ﬂow reactor
data from the present work as well as from the literature. The rate
limiting steps in NO formation and reduction in the oxy-fuel
combustion of coal are discussed, and subsets of the model that
require a better understanding are identiﬁed.

’ EXPERIMENTAL SETUP
The experimental setup and procedure have been described elsewhere,27 and only a brief description is given here. A schematic illustration of the entrained ﬂow reactor is seen in Figure 1. The reactor is a
cylindrical ceramic tube, 8 cm in diameter and 2 m long. It is electrically
heated to a wall temperature of typically 1300 °C in the top and 1400 °C
in the bottom. The pulverized coal is introduced in the top of the reactor
through a water-cooled probe, along with a fraction of the oxidizer
stream. The main part of the oxidizer is preheated to 1100 °C in the
preheat section before entering the reaction zone. Part of the ﬂue gas is
sampled through a water-cooled particle collection probe with a sampling diameter of 3.2 cm, located in the bottom of the reactor. The sampled
particles are collected on a ﬁlter. The remaining ﬂue gas is cooled
downstream of the reactor and analyzed for O2, CO, CO2, and NO using
standard gas analyzers. The monitored compounds are reported as
single average values for each experimental run.

’ MODEL
Conceptually, the present model for oxy-fuel combustion of coal is
based on earlier reported work on reburning with coal28 and biomass.29

We assume in the model that the fuel jet is heated rapidly by
penetration of the hot bulk ﬂuid. Even though the Zwietering approach
does not physically describe the behavior in the mixing region, it has
provided good results for gas reburning30 and volatile N oxidation.33 It
captures an essential feature of the mixing, that is, that the volatile
nitrogen and part of the recirculated NO under oxy-fuel conditions react
initially under conditions going from fuel-rich (early stages of entrainment) to typically overall lean (full mixing).
Devolatilization. The devolatilization of solid fuels is mainly a
thermal process, and differences in the volatile yields and composition
between air-firing and oxy-fuel conditions are not expected. Niksa and
Lau34 discussed the individual influences of heating rate and coal rank on
the rate of pyrolysis. They concluded that, for coals of ranks lignite
through high volatile bituminous, the rank variations are modest at high
heating rates. This is in agreement with other results from the
literature.3537 Niksa and Lau found that, at heating rates faster than
1000 K/s, the influence of increasing the rate is minor. The disagreement
in the literature among the rates of pyrolysis measured at fast heating
rates of 103105 K/s can probably be ascribed to uncertainties in the
particle temperature determinations.36 At pulverized coal conditions,
with high temperatures and heating rates, it is thus conceivable that the
devolatilization rate can be assumed to be independent of the coal type
and heating rate.
In the current model, the pyrolysis is described by a two-step
Arrhenius model, following Ubhayakar et al.37 It consists of a reaction
with a low activation energy signiﬁcant at low temperatures (<1200 K)
and a high activation energy reaction important at higher temperatures.
The two-step model thus takes into account that the pyrolysis occurs
over a range of temperatures with diﬀerent activation energies.
Under conditions typical of pulverized fuel combustion (15001900 K),
the volatiles have been reported to consist largely of CO and H2,
together with soot/tar and a minor amount of hydrocarbons.38 The
soot/tar yield ranges from 15 to 35 wt % of the original coal (daf) for
bituminous and subbituminous coals,3840 whereas it is lower for lignite,
520 wt %.39,40 The soot/tar yields appear to be constant in the
temperature range 14801900 K,39,40 with the soot fraction increasing
with temperature. The soot formed has an initial diameter of about
25 nm,41 but by agglomeration and surface growth, the diameter will
reach sizes of 200800 nm during time scales of 100 ms. In the model,
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we assume that all of the tar cracks to form soot, while the soot yield from
reactions of light hydrocarbon volatiles can be neglected.
In the present model, it is assumed that all hydrogen and oxygen are
released in the volatiles, while nitrogen is distributed among volatiles and
char according to the mass ratio between them. Carbon atoms are
distributed in a way to satisfy the overall mass balance between volatiles
and char. To estimate the composition of the volatile gases, measurements from published sources38,39,42,43 have been used as a guideline.
However, as a result of diﬀerences in composition and heating rate, the
composition of volatiles for the present coals may deviate from published
data for coals of similar rank.
Tar is found by various authors to be the main shuttle for coal
nitrogen. The nitrogen is thus released with the tar in the initial pyrolysis,
where the nitrogen is found mainly in pyrrolic and pyridinic
structures.4446 Thermal cracking of tar at temperatures above 1400
K facilitates ring-opening and fast release of nitrogen mainly as HCN.45
In the model, the volatile nitrogen is assumed to be found only as HCN.
It has been shown that a fraction of the coal nitrogen is incorporated into
soot,39 but the fate of the soot nitrogen is unknown. In line with previous
work,28,47 the soot is modeled as pure carbon. The fraction of HCN in the
volatiles is calculated from the nitrogen release during devolatilization.
Volatile Oxidation. The model subset for the oxidation of the
gaseous volatile species is adopted directly from work by Glarborg and
co-workers.6,7,48 It is a detailed chemical kinetic mechanism, including
97 species in 778 reactions. The reaction mechanism is mostly based on
work on the methane/ammonia reaction system in flow reactors49 and
low-pressure flames.50 The reaction mechanism draws on results from
the oxidation of CO/H2,51 C1C2 hydrocarbons,48,52 NH3,49,50 and
HCN,53 as well as interactions of these components.50,54,55
The model has been validated against experimental data obtained for
oxidation of methane with or without NH3 or NO in both O2/N2 and O2/
CO2 at temperatures in the range 11731773 K.6,7,48 It contains an improved
CO/CO2 subset, which chemically activates the otherwise inert CO2.48
Soot Reactions. Because soot constitutes a major fraction of the
volatiles, reactions of these particles are potentially important. Soot oxidation occurs by reaction with O256 or oxygen-containing radicals
(OH and O).57,58 Soot is very active in reducing NO at flame
temperatures58,59 in a reaction that produces CO and N2.58 Shock tube
determinations of the reaction probability58,59 are in good agreement.
The soot reaction subset of the present model includes the Nagle and
Strickland-Constable56 oxidation mechanism for reaction with O2 and
the reaction of soot with NO. Reactions of soot with the O/H radical
pool have been neglected. For the reaction with NO, products and
reaction probability were adopted from von Gersum and Roth.58 The
calculation of the collision number was based on soot particles of 30 nm.
This corresponds to a surface area of 100 m2/g, which is used in the
Nagle and Strickland-Constable mechanism.
Char Reactions. In conventional pulverized coal combustion, char
is largely oxidized by a reaction with molecular oxygen
char þ

1
O2 f CO
2

ð1Þ

Under oxy-fuel combustion conditions, gasiﬁcation reactions involving CO2 and H2O are more likely to contribute to the consumption of
char particles, because these species are present in large concentrations.
However, data from our laboratory60 indicate that these reactions play, at
most, a very minor role in char oxidation at conditions representative of
pulverized fuel combustion. In the present model, char + O2 is considered to be the only step active in oxidizing the char. Expressed in
terms of the intrinsic rate coeﬃcient kchar+O2, the rate of the reaction is
rcharþO2 ¼ kchar þ O2 ½O2 n

½g=cm2 s

ð2Þ

The reaction order n is mostly one at high temperatures, where the
dissociative adsorption of O2 onto the char surface is often rate

controlling. Smith61 estimated intrinsic reactivities for a range of porous
carbons ranging from lignite through bituminous and anthracite coals to
puriﬁed carbons. He found that under conditions of pulverized fuel
combustion, with temperatures above 1100 K, there is a reasonable
agreement between the rates for bituminous coals and lignite/brown
coals. Adopting his expression approach, the rate constant for oxidation
of the char surface at a partial pressure of O2 of 1 atm62 is


21565
½g=cm2 s
kcharþO2 ¼ 305 exp
ð3Þ
T
The rate of char oxidation is then modeled using the following
equation, assuming a ﬁrst-order dependency in O228 and neglecting
external mass transfer limitations
 r ¼ ηkcharþO2 PO2 Aint ½char

½molC m3 s1 

ð4Þ

Here, η is the eﬀectiveness factor (dimensionless), Aint is the speciﬁc
intrinsic surface area of the char particle (m2 kg1), PO2 is the partial
pressure of oxygen at the char particle surface (atm), and [char] is the
number of moles of char per unit volume of gases (mol m3). The
eﬀectiveness factor represents the diﬀusion resistance against oxygen
inside the pores on the char surface, and it was calculated according to
the model originally suggested by Thiele.63 The required eﬀective
diﬀusion coeﬃcient, as well as the estimate of the char porosity, was
calculated based on the work of Johnsson and Jensen.64 Eﬀects of
diﬀerences between coals regarding reactivity, surface area, and porosity
were assumed to be negligible. At the conditions of the present work, the
value of η was in the range 0.40.9, decreasing with increasing
temperature. For all coals, the particle intrinsic surface area was assumed
equal to 100 m2 g1, based on the literature data.65,66
The mechanism of the char-N oxidation and the selectivity toward
NO and N2 under combustion conditions are still in dispute. Reported
conversions of char-N to NO range from below 30 to almost 100%.45
Pohl et al.46 reported char-N to NO conversion eﬃciencies of 1025%
for lignite and bituminous coal under pulverized fuel combustion
conditions. On the basis of these and similar results, it is common in
modeling to assume a ﬁxed char-N conversion to NO, for instance 20%,
with the rest being released as N2. However, this simple approach does
not reﬂect the actual processes involved in the char-N oxidation and,
thereby, does not provide reliable results outside the range of conditions
tested. The combustion of small, highly devolatilized char particles at
single particle conditions (10001400 K, 520% O2) has shown that
char nitrogen is oxidized to NO with a yield of 75100%.6772 This
indicates that nitrogen in char is largely oxidized to NO and that NO
yields far below 100% are caused by reduction of NO in the pores of the
char particle in which the NO was formed or by a reaction with other
char particles.
In the present model, we assume that the char-N is oxidized to NO,
with a rate similar to that of the carbon oxidation. In this way, the overall
NO yield from char oxidation becomes very dependent on the subsequent reduction of NO on the char surface. This reaction has been
widely studied.45,46,65,66,73,74 The rate constant proposed by Aarna and
Suuberg66 for the char + NO reaction, obtained from averaging a large
amount of data, agrees within a factor of 10 to most reported values.
These data were all obtained with char, which was prepared separately,
and they represent steady state values for the char + NO reaction.
However, work by the authors,70,75 obtained with fresh char directly in
continuation of pyrolysis, indicates a reaction rate that is 10100 times
larger than the Aarna and Suuberg rate constant. The higher value
represents a transient char reactivity toward NO; with time, the rate of
the char + NO reaction decreases as a result of thermal annealing and
approaches the steady-state value reported in other studies.
Because the thermal deactivation of the char may decrease the rate of
NO reduction on the char surface considerably, it is necessary to
consider the thermal history of the char. In the present work, with chars
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Table 1. Proximate and Ultimate Analyses of Coals (wt %)a

coal

moisture

Bit 1

0.21

Bit 2
Bit 3
lignite

5.82
14.72

proximate

ultimate

analysis

analysis (daf)

ash

VM

15.36 27.6

FC

C

H

56.83 84.31 5.33

O

Table 2. Estimated Molar Volatile Composition for Coalsa
coal

N

S

8.15 1.49 0.72

2.0 48.0 50.0 73.5 5.2 18.8 1.4 1.1
22.65 30.3 41.23 77.86 5.42 14.85 1.05 0.82
10.64 35.69 38.95 73.45 5.88 19.54 0.84 0.29

a

Bit 1: Polish bituminous coal used in the present experiments. Bit 2:
high volatile bituminous coal used by Hu et al.8 Bit 3: Tiefa bituminous
coal used by Jiang et al.11 Lignite: Neimenggu lignite used by Jiang
et al.11
produced in situ and reactor residence times of a few seconds, the chars
will be very reactive. Following Garijo et al.,75 the rate of NO reduction
on char is given as
 r NO ¼ kchar þ NO ½char½NO0:33
where
kcharþNO ¼ ð4:7  104 ÞMW char exp

½molNO m3 s1 



13430
½m s mol0:33 
T

species

Bit 1

Bit 2

Bit 3

lignite

Csoot

41.60

28.36

26.63

20.88

H2

30.08

38.52

44.43

45.45

CO2

1.00

3.26

2.05

3.93

CO

6.27

8.53

8.45

9.83

CH4

8.02

3.76

4.87

4.42

C2H4

7.27

1.76

1.54

2.46

H2O

4.51

14.56

11.27

12.29

HCN

1.25

1.25

0.77

0.74

a

Bit 1: Polish bituminous coal used in the present experiments. Bit 2:
high volatile bituminous coal used by Hu et al.8 Bit 3: Tiefa bituminous
coal used by Jiang et al.11 Lignite: Neimenggu lignite used by Jiang
et al.11

ð5Þ

ð6Þ

MWchar is the molecular weight of char (kg mol1). Similar to the
case of char + O2, we apply an eﬀectiveness factor, ηNO, for NO
reduction. To calculate ηNO, the same procedure that was used for char
oxidation was followed. The (small) diﬀerence in the diﬀusion coeﬃcient was taken into account. Nitric oxide not only comes from the bulk
(as does oxygen) but is also formed in the pores during char oxidation.
This makes a diﬀerence for larger particles, but because our particles are
quite small, the eﬀectiveness ηNO remains near unity for most cases and
the error of our results should be small.

’ RESULTS AND DISCUSSION
The simulations for oxy-fuel combustion of coal are conducted
with the CHEMKIN 4.1 package.76 In the model, mixing,
pyrolysis, and gassolid reactions are represented by expressions
that can be handled in CHEMKIN. The CHEMKIN format
model is available in the Supporting Information.
The model is validated against experimental data obtained in
entrained-ﬂow reactors (EFRs). Despite its complexities, the
EFR constitutes a more controlled environment than turbulent
swirling pulverized-fuel ﬂames. The EFR data are drawn partly
from the present work and partly from the literature. The results
cover a range of coals, equivalence ratios, temperatures, and
mixing conﬁgurations. The EFR results from the present work
are characterized by the initial segregation of a primary ﬂow
containing the coal/carrier gas and a secondary ﬂow with the
remaining oxidizer. In the EFR experiments from the literature,
drawn from Hu et al.8 and Jiang et al.,11 the fuel and oxidizer ﬂows
were premixed.
Table 1 lists the ultimate and proximate analyses of the coals
used in the entrained-ﬂow reactor experiments. For the Polish
coal (Bit 1) used in the present experiments, we estimated the
volatile yield by following the correlations of Neoh and
Gannon.42 For the other coals, we used the volatile yields from
the proximate analysis, as stated by the authors.8,11
Table 2 lists the estimated volatile compositions for the four
coals. As none of these compositions have been determined
experimentally, we rely on analogy with volatile compositions
measured for coals of similar rank, as described above. However,

Figure 2. Comparison of measured and predicted fuel-N to NO ratios
as a function of the excess air ratio and the feed ratio in coal combustion
in air, in an entrained ﬂow reactor. The experimental data (present
work) are shown as symbols, while the modeling predictions are shown
as lines. The experiments were conducted with a Polish bituminous coal
(Bit 1, 21 μm) at a wall temperature of 1623 K and a gas residence time
of 1.7 s. The total gas ﬂow Q_ total was 57.5 NL min1, with the primary
gas feed Q_ feed being 12 (Rf = 0.21), 15 (Rf = 0.26), or 17.4 NL min1
(Rf = 0.29). The coal feeding rate was 5.97.6 g min1. Both primary
and secondary gases consisted of 21% O2 in N2.

because of diﬀerences in composition, heating rate, and ﬁnal
temperature, the actual volatile compositions may deviate considerably from our estimate. In particular, the assumption that tar
is largely converted into soot and H2, as has been observed at
high-temperature pulverized coal pyrolysis,38,39,42,43 may not
apply to the conditions of all the EFR experiments used for
model validation. Here, as a result of lower temperatures, the tar
could be expected to yield hydrocarbons during cracking, rather
than soot and H2.
EFR Results from the Present Work. The conditions used for
air and oxy-fuel combustion experiments in the entrained-flow
reactor are listed in the Supporting Information. The Polish coal
(Bit 1) used was finely ground to a mean particle size of 21.3 μm,
with 90% of the particles smaller that 100 μm and 10% smaller
than 5 μm. The term NL min1 (Table 1 of the Supporting Information and elsewhere) refers to the volume flow in liters per
minute at standard temperature and pressure (273 K, 1 atm).
4283
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Figure 3. Comparison of measured and predicted fuel-N to NO ratios
as a function of the excess air ratio and the feed ratio in the oxy-fuel
combustion of coal in an EFR. The experimental data (present work) are
shown as symbols, while the modeling predictions are shown as lines.
The experiments were conducted with a Polish bituminous coal (Bit 1,
21 μm) at a wall temperature of 1623 K and a gas residence time of 2.3 s.
The total gas ﬂow Q_ total was 41.5 NL min1, with a carrier gas feed Q_ feed
for the coal of 12 NL min1. The coal feeding rate was 6.78.0 g min1.
The primary gas consisted of pure O2, while the secondary ﬂow
contained O2 in CO2, with a small amount of N2.

For reference, selected combustion experiments were conducted in air. Figure 2 compares the experimental results and
modeling predictions for conventional combustion of coal in air.
In these experiments, the excess air ratio λ was varied in the range
1.01.35. Furthermore, the feed ratio Rf, deﬁned as primary gas
ﬂow to total gas ﬂow, was varied between 21 and 30% (vol). Air
was used for both primary and secondary ﬂows. To compensate
for the eﬀect of dilution, the results are shown in terms of the
conversion ratio for fuel-N to NO.
The results conﬁrm expectations that the leaner mixtures
result in a larger NO formation. In addition, the NO yield
increases considerably with the feed ratio, from a conversion
of about 40% (about 900 ppm) at Rf = 0.21 to 60% (about
1300 ppm) at Rf = 0.30, both at excess air ratios of 1.17.
Because the primary and secondary ﬂows are initially segregated,
it is important to estimate a mixing rate for use in the model.
Initially, the fuel jet experiences reducing conditions, but as the
secondary ﬂow is entrained, there is a richlean transition and
the burnout takes place under oxidizing conditions. In the model,
the secondary stream is gradually entrained into the primary stream
containing the coal particles. To evaluate the (laminar) mixing
rate k, it is necessary to estimate the required time to achieve a
nearly fully mixed mixture. To this aim, a CFD simulation using
the commercial software code Fluent was performed. The simple
predeﬁned coal combustion model in Fluent was activated, and
to track the mixing process quantitatively, a small amount of
argon was introduced through the secondary ﬂow. The mixing
was considered to be complete when a roughly uniform concentration of argon in the radial direction was achieved. On the basis
of the simulations, an average value of kmixing = 5.7 s1 has been
obtained and used in the modeling of the air-ﬁred EFR experiments, independent of conﬁguration. For the oxy-fuel experiments discussed below, a value of kmixing = 11.7 s1 was derived
from CFD (see the Supporting Information).
As seen in Figure 2, the modeling predictions are in good
agreement with the measured results for the higher feed ratios.
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Figure 4. Comparison of measured and predicted fuel-N to NO ratios
as a function of [O2] in the oxidizer, in the oxy-fuel combustion of coal in
an EFR. The experimental data (present work) are shown as symbols,
while the modeling predictions are shown as lines. The experiments
were conducted with a Polish bituminous coal (Bit 1, 21 μm) at a wall
temperature of 1623 K and a gas residence time of 1.72.3 s. The overall
excess air ratio λ was 1.17. The total gas ﬂow Q_ total was 41.557.3 NL
min1, with a carrier gas feed Q_ feed for the coal of 12 NL min1. The coal
feeding rate was 6.7 g min1.

However, while the model captures the trend in NO as a function
of both excess air ratio and feed ratio, it underpredicts the
observed impact of the feed ratio. This may indicate that the
simpliﬁed mixing approach used in the model, with the same
entrainment rate used for all three feed ratios, is insuﬃcient to
provide quantitative predictions of NO.
Figure 3 compares the experimental results and modeling
predictions for the oxy-fuel combustion of coal, showing the
variation of the NO conversion ratio versus the excess air ratio.
These data were obtained under once-through conditions, that is,
without recirculation and without NO being present in the inlet
gas. The results are not directly comparable to the conventional
combustion of Figure 2 because the primary jet, for safety
reasons, consisted only of CO2, while all the O2 was supplied
in the secondary ﬂow, containing a mixture of O2 and CO2.
Furthermore, the total O2 level after mixing has been increased to
29%. Figure 3 shows that the trend in NO as a function of the
excess air ratio is similar to that observed in air. The model
captures the trend in NO with excess air ratio well but slightly
underestimates the absolute level in NO.
In Figure 4, the eﬀect of increasing the oxygen concentration
in the oxidizer at constant overall excess air ratio is shown. The
O2 increase is obtained by increasing the feed of inert gas (CO2)
into the reactor and, at the same time, changing the composition of
the main stream. The conversion ratio of fuel-N to NO decreases
slightly as the O2 content is increased. The model captures the
trend in NO well but, again, slightly underestimates the absolute
level of NO.
EFR Results from the Literature. In addition to the experiments performed as part of the present work, the model was
tested against the entrained flow reactor results reported by
Hu et al.8 and Jiang et al.11 Similar to the experiments presented
above, these tests were conducted in once-through reactors.
However, both Hu et al. and Jiang et al. chose to fully premix the
fuel and oxidizer before it entered the heated zone of the reactor.
This way, the complication of describing the mixing process in
the model is avoided, but the conditions bear less resemblance
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Figure 5. Comparison of measured and predicted fuel-N to NO ratios
as a function of the excess air ratio and oxidizer composition (20% O2 in
N2 or CO2) in pulverized combustion of coal in an EFR. The experimental data8 are shown as symbols, while the modeling predictions are
shown as lines. The experiments were conducted with a highly volatile
bituminous coal (Bit 2, 60125 μm) at a wall temperature of 1423 K and
a gas residence time of 2 s.

Figure 6. Comparison of measured and predicted fuel-N to NO ratios as a
function of the excess air ratio and oxidizer composition (air or 20% O2 in
CO2) in pulverized combustion of coal in an EFR. The experimental data8 are
shown as symbols, while the modeling predictions are shown as lines. The
experiments were conducted with a highly volatile bituminous coal (Bit 2,
60125 μm) at a wall temperature of 1573 K and a gas residence time of 2 s.

to those of a practical pulverized-fuel burner with air staging.
Hu et al. and Jiang et al. tested a wider range of coals, and their
experiments generally operated at lower temperatures compared
to those of the present work.
Hu et al.8 investigated pollutant formation in the combustion
of a highly volatile bituminous coal (Bit 2), testing the eﬀect of
inert gas (N2 or CO2), oxygen concentration (20100%), and
temperature (11731573 K). Figures 5 and 6 show the eﬀect of
replacing N2 with CO2 at reactor temperatures of 1423 and
1573 K, respectively. We focus on the results obtained in the
higher end of the temperature window, as they are more representative of pulverized-fuel combustion.
In line with observations from the EFR experiments of the
present work, the conversion of fuel-N to NO is seen to increase
monotonically with the excess air ratio at both temperatures.
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Figure 7. Comparison of measured and predicted fuel-N to NO ratios
as a function of the excess air ratio in pulverized combustion of coal in an
EFR. The experimental data11 are shown as symbols, while the modeling
predictions are shown as lines. The inlet gas composition was 35% O2 in
CO2. The experiments were conducted with Tiefa bituminous coal (Bit
3, 15 μm; raw coal feeding rate of 1 g min1) at a maximum wall
temperature of 1373 K and a gas residence time of 3.65.9 s.

At lean conditions, the NO yield is a weak function of the excess
air ratio, but at fuel-rich conditions, NO decreases strongly,
approaching zero at λ = 0.7. An increase in the reactor temperature results in a slightly larger NO yield. Contrary to what was
observed in our experiments, here, the NO yield at high CO2
levels is signiﬁcantly smaller than it is for combustion in N2.
Under the conditions reported by Hu et al., NO is reduced by
about 30% going from air to O2/CO2 mixtures. The diﬀerence is
even more pronounced at lower temperatures (11731273 K,
not shown), where the NO yield in CO2 is a factor of 2 lower than
that in N2.8
The modeling predictions are in excellent agreement with the
reported NO yield for combustion in air, at both 1423 and 1573 K.
However, the observed impact of replacing N2 with CO2 is not
captured by the model, which predicts little diﬀerence in NO
between N2 and CO2 atmospheres. The reason for this discrepancy is not clear. Hu et al. attribute the smaller NO yield in
O2/CO2 mostly to the enhanced CO concentrations in the oxyfuel combustion, promoting the reduction of NO by CO in a charcatalyzed reaction. This step is not considered in the present
model because it would be expected to be less important than the
direct reaction of NO with char at the high temperatures typical
of pulverized fuel combustion.45
The smaller NO yield in CO2 could also be caused by the
chemical eﬀect of CO2 on the gas-phase chemistry. Mendiara and
Glarborg7 report diﬀerences in NO formation for oxidation of
CH4/NH3 mixtures burned in O2/N2 and O2/CO2 mixtures,
respectively, at temperatures as low as 1273 K. They show that
CO2 inhibits NO formation under oxidizing conditions, consistent with the observations of Hu et al., but enhances NO under
reducing conditions. The fact that this eﬀect is not found in the
present modeling is due to the assumed volatile composition
with a low hydrocarbon yield. In the model, which was developed
for high-temperature pulverized-fuel combustion, tar is assumed
to crack to form soot and H2. Pyrolysis experiments show that the
soot/tar yields are constant in the temperature range 1480
1900 K;39,40 however, the soot fraction decreases with decreasing
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Figure 8. Comparison of measured and predicted fuel-N to NO ratios as
a function of the excess air ratio and the oxidizer composition (35% O2 in
N2 or CO2) in the pulverized combustion of coal in an EFR. The
experimental data11 are shown as symbols, while the modeling predictions
are shown as lines. The experiments were conducted with Neimenggu
lignite (5 μm; raw coal feeding rate of 1 g min1) at a maximum wall
temperature of 1373 K and a gas residence time of 3.05.4 s.

temperature and may be overestimated by the model at the
conditions of Figures 5 and 6.
Jiang et al.11 investigated NO formation in oxy-fuel combustion of three diﬀerent solid fuels: bituminous coal, lignite, and
anthracite. For the present purposes, we have selected results
obtained for the bituminous coal (Tiefa, Bit 3) and the lignite
(Neimenggu) for model comparison because these two fuels
have a greater practical interest than anthracite.
The experimental results of Jiang et al.11 for the bituminous
coal under simulated oxy-fuel conditions are compared with
model predictions in Figure 7. Similar to the results from the
present work and from Hu et al., the measurements show the NO
conversion ratio to increase with the excess air ratio. The NO
yield is smaller than that reported by Hu et al., consistent with the
lower temperatures of the study of Jiang et al.
In the calculations, the ﬂow rate of the gases in every location
was estimated from the reactor temperaturetime proﬁle obtained from the reported temperaturelocation data. The residence time of the gases was then estimated in accordance to
velocities obtained from the reported temperature at every
location. The modeling predictions are in satisfactory agreement
with the experimental data, even though NO is slightly underpredicted at high excess air ratios.
Figure 8 compares the experimental data for the lignite with
the modeling predictions. In contrast to the ﬁndings of Hu et al.,
the impact of oxidizer composition (O2/N2 or O2/CO2) is quite
small under these conditions. A distinctive inﬂuence of the gas
mixture is seen only at high excess air ratios, where the measured
NO yield is slightly larger in air compared to that in O2/CO2.
The model is in good agreement with the reported data. The
calculations support the observation of Jiang et al. that replacing
N2 with CO2 does not aﬀect the NO level signiﬁcantly under
these conditions.
In practice, oxy-fuel combustion involves recirculation of ﬂue
gases. Under these conditions, considerable amounts of NO are
present in the oxidizer and reburn type reactions are important
for reducing the overall NO yield.2 Figure 9 compares experimental
results from Jiang et al. with modeling predictions for conditions
where NO in the inlet gas varied in the range 01200 ppm.
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Figure 9. Comparison of measured and predicted NO molar fractions
as a function of the inlet NO level in the pulverized combustion of coal
under oxy-fuel conditions in an EFR. The experimental data11 are shown
as symbols, while the modeling predictions are shown as lines. The inlet
gas composition was 35% O2 in CO2. The experiments were conducted
at an excess air ratio of 1.2 with Neimenggu lignite and Tiefa bituminous
coal (Bit 3, 15 μm; raw coal feeding rate of 1 g min1) at a maximum wall
temperature of 1373 K and a gas residence time of 4.4 s.

The NO exhaust level increases with inlet NO. However, despite the
overall lean conditions, a reduction of NO takes place. For the
bituminous coal (Bit 3), inlet NO is reduced about 30%, while, for
lignite, the reduction is almost 60%. The modeling conditions are
qualitatively in agreement with the experimental results. However,
the model overestimates the reduction in NO, with the overestimation most pronounced for the bituminous coal. Because
the conditions are overall lean, the homogeneous reduction of
NO would be expected to be limited.6,45 The diﬀerence
observed between the two fuels is consistent with observations
that lignite char is more reactive toward NO than bituminous
coal.28 However, a NO rise because of higher NO content in the
inlet was not predicted by the model.
Model Evaluation and Key Reaction Paths. Despite its
deficiencies, the model generally provides a satisfactory description of the nitrogen chemistry in the oxy-fuel combustion of
pulverized coal under the conditions investigated. It describes
correctly the effect of process parameters such as temperature,
excess air ratio, and inlet NO. An analysis of the modeling
calculations is helpful to get a better understanding of NO
formation and reduction under oxy-fuel conditions. The formation of NO is constrained by the availability of oxygen, which is
important for the oxidation selectivity of the volatile N to NO
and N2. Nitric oxide, once formed, may be reduced by reaction
with hydrocarbon radicals or in heterogeneous reactions by char
or soot. While this overall scheme is well established,45 the
relative importance of the specific pathways under oxy-fuel
conditions is still in question.
Figure 10 shows the sensitivity of the model predictions to
selected subsets in the model for the conditions of Figure 6, that
is, oxy-fuel combustion with a bituminous coal at 1573 K. The
importance of soot was tested either by retaining soot as a species
but disabling the soot + NO reaction (shown in the ﬁgure) or by
changing the volatile composition and replacing soot (and some
H2) with C2H2 (not shown). The two sets of calculations were
practically identical, indicating that, under the investigated conditions, hydrocarbons are not very eﬃcient in reducing NO.
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Figure 10. Sensitivity to model predictions of selected heterogeneous
reactions for the conditions of Figure 6 (oxy-fuel).

The modeling results of Figure 10 conﬁrm that heterogeneous
reactions are important for the modeling predictions. Soot is
active in reacting with NO under both oxidizing and reducing
conditions. It has a high reactivity toward NO and also toward
O2; the latter reaction serves to limit the lifetime of soot, even
under overall reducing conditions. The reaction of char with NO
is slower, but it attains signiﬁcance, particularly under reducing
conditions, where the char is not fully oxidized. The fact that the
model for these conditions overpredicts NO in CO2 but not in
N2 may indicate that the high CO levels in oxy-fuel combustion
enhance the reduction of NO by CO on char surfaces.
A similar analysis for the conditions of Figure 3 conﬁrms that,
under overall lean conditions, char + NO is the main reaction for
removal of NO. In the absence of the char + NO reaction, the
model overestimates the NO yield and no longer predicts
correctly the eﬀect of excess ratio. Despite high soot yields,
reactions involving soot have a smaller impact, because soot is
rapidly oxidized.
Another important parameter in the model for the conditions
of Figure 3 is the assumed mixing rate between the primary and
secondary jet. Varying the mixing rate between instantaneous
mixing and mixing times on the order of a second results in
diﬀerences in the predicted NO concentration of a factor of 5,
decreasing from about 1500 ppm at fast mixing conditions to
about 300 ppm. This emphasizes the need for a satisfactory
model for the mixing process for quantitative predictions of NO
in pulverized fuel burners.
With NO present in the inlet gas, reburn type reactions
become even more important. Figure 11 shows the sensitivity
of the model predictions to the reduction of NO by char and
soot, respectively, in the model for the lignite under the conditions of Figure 9. Again, heterogeneous reactions are important
for the modeling results. The formation of soot limits the
hydrocarbon volatile yield; however, this is compensated for by
reduction of NO on soot, which appears to be very eﬃcient. The
predicted impact of soot for reducing NO is in agreement with
modeling studies for coal reburning.28
It is interesting to note that the results of the present work
are in conﬂict with a previous analysis of the nitrogen chemistry
in oxy-fuel combustion. From experiments performed in a
small-scale laboratory reactor, Okazaki and Ando77 evaluated
the relative impact of homogeneous and heterogeneous mechanisms for NO reduction. They concluded that reburn type
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Figure 11. Sensitivity to model predictions of selected heterogeneous
reactions for the conditions of Figure 9.

reactions, that is, reactions of recycled NO with hydrocarbons,
are the dominant mechanism in reducing NO emissions and that
they account for 5080% of the decrease in NO observed in oxyfuel combustion. Reactions of NO with N-volatiles were estimated to contribute 1050% to the NO reduction. The reduction of NO on char in oxy-fuel combustion was found to be of
minor importance, and the reaction between NO and soot was
not considered. While these results are consistent with data for
oxy-fuel combustion of CH4,6,7 they may not be applicable to
solid fuel combustion at high temperatures. The analysis of
Okazaki and Ando could be biased by the choice of a CH4/
NH3 mixture to simulate coal volatiles, together with a low
reactivity char (formed from anthracite) to account for heterogeneous reactions. We think, on the basis of the present work, that
the heterogeneous reduction of NO on char and soot is a major
mechanism for NO removal in oxy-fuel combustion of pulverized
coal and that the homogeneous mechanisms are less important.

’ CONCLUSIONS
On the basis of the analysis of the modeling results, a number
of important points can be made. Diﬀerences in NO yield
between the oxy-fuel combustion and the conventional combustion of pulverized coal can mostly be attributed to the recycling of
NO (reburning eﬀect) and to changes in mixing patterns
between fuel and oxygen. For pulverized-fuel combustion at
high temperatures, we think that NO is mainly reduced by
heterogeneous reactions involving both char and soot. Here,
the tar yield of the volatiles is mainly converted to soot and H2,
limiting the concentration of hydrocarbons and, thereby, limiting
the importance of gas-phase removal of NO. Under these
conditions, the large concentration of CO2 in oxy-fuel combustion has, at most, a limited impact on NO formation and
destruction. At lower temperatures, where the hydrocarbon yield
in devolatilization increases, the impact of CO2 on the gas-phase
chemistry may become more pronounced, enhancing or inhibiting NO formation depending on stoichiometry. Also, the increased CO levels under oxy-fuel conditions may conceivably
promote the reduction of NO by CO on char, even at the high
temperatures in pulverized fuel combustion.
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