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Oxy-fuel combustion is a key technology to realize CO, capture and storage in
coal-fired power boilers in the future. In recent years, there have been extensive
studies on it. This review summarizes some key results of fundamental research
on oxy-coal combustion. By comparing with traditional coal-fired boiler with air
combustion in power station, the typical characteristics of oxy-coal combustion
are introduced from four aspects: combustion, heat transfer, pollutant emission,
and numerical simulation; so that readers have a relatively comprehensive un-
derstanding of fundamental research on oxy-fuel combustion. Furthermore, some
scientific issues in future research are summarized. The paper is both academic
and popular, providing basic knowledge and academic direction inspiration for
scholars or graduate students who are about to engage in oxy-fuel combustion
research.
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Introduction

Greenhouse effect is a significant environmental problem in 215 century. The CO»
greenhouse gas and other pollutant caused by coal-fired boilers in power plants are a major rea-
son. [1]. There are many CO, emission control technologies for coal-fired power plants, where
oxy-fuel combustion is a promising one. Proposed first by Abraham et al. [2], oxy-coal combus-
tion uses pure oxygen rather than air to support coal combustion in boiler. Since N> is almost
removed, the flue gas produced in oxy-fuel condition has a high CO, concentration more than
90%, and a part of it is recycled into the furnace to suppress excessive flame temperature. Fur-
thermore, the remaining flue gas is cooled, compressed and separated for CO, capture and stor-
age. Oxy-fuel combustion is suitable for both construction of new power stations and reform of
old coal-fired boilers. Figure 1 shows its schematic [3]. In addition to the advantage of CO; re-
duction, oxy-fuel boiler also has dramatic energy-saving effects, which can promote complete
combustion, reduce boiler exhaust loss, and improve boiler efficiency. Thus, oxy-coal combus-
tion is crucial for developing countries in the reform of coal-fired power stations.

Using COs instead of N> as the dilution gas makes oxy-fuel combustion significantly
different from air-fuel combustion in flame temperature, heat transfer, reaction kinetics, and
pollutant emissions. This is caused by the different properties of CO; and N»:
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Figure 1. Schematic of oxy-coal combustion technology

— The CO» has greater density.

— The CO» has a larger specific heat than No.

— The O diffusion rate is smaller in CO, atmosphere, which is only 0.8 times the size of N».
— Oxy-fuel combustion generates much triatomic gases CO2 and H>O with high emissivity.

As a result, oxy-fuel combustion requires about 30% oxygen ratio to achieve a simi-
lar flame temperature as air-fuel combustion. In past decades, there have been many studies
and some complicated reviews on oxy-fuel combustion. However, there is not a short review
which summarizes classical results and makes readers quickly know the fundamental and re-
search topic of oxy-fuel combustion. Therefore, in this paper, key results of fundamental re-
searches on oxy-coal combustion are selected and organized as a mini review so that readers
could have a relatively comprehensive understanding of the oxy-coal combustion within half
an hour. Both basic knowledge and academic direction inspiration are provided for scholars or
graduate students who are about to engage in oxy-fuel combustion research.

Combustion characteristic

Ignition and flame propagation

Ignition and flame propagation are the fundamental combustion characteristics.
Based on self-built Hencken burner in Sandia Laboratories, Molina and Shaddix [4] studied
the ignition characteristics of pulverized coal combustion in oxy-fuel condition and found that
the higher CO» concentration and lower oxygen concentration increase the ignition delay
time. This is because CO; has a higher molar specific heat and the oxygen concentration
could affect the reaction activity of the mixture. The particles ignition and volatilization sepa-
ration in 30% O,/CO; atmosphere are similar to those in air-fuel condition. In addition to the
high specific heat of CO,, Glarborg and Bentzen [5] proposed that the competition of free rad-
ical in the reaction CO> + H & CO + OH is also a reason. This reaction will suppress the
combination of O, and H free radicals, and then causes the decrease in burning rate [6].
Moreover, Japan's THI [7] studied the flame propagation speed of coal combustion on a self-
built microgravity measurement device and found that the flame propagation is the slowest in
oxy-fuel atmosphere. Moron' et al. [8] found that the temperature of laminar flame in oxy-
coal combustion is about 1-15 K lower than that of air-coal combustion. These are mainly due
to the high specific heat of CO». In conclusion, the influence of oxy-fuel atmosphere on coal
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ignition and flame characteristics is mainly caused by the high specific heat of CO, and free
radical competition.

Coal reactivity

The influence of oxy-fuel atmosphere on the pulverized coal combustion also lies in
the coal reactivity. It mainly affects the de-volatilization and the coal char combustion. A high
CO; concentration delays the de-volatilization process [9], but this does not defer the com-
plete combustion time of volatiles. Rathnm etal. [10] found that the amount of de-
volatilization in O2/CO; atmosphere is higher than that in O2/N, atmosphere. This is mainly
due to the CO»-char gasification reaction. Besides, the pyrolysis components are less affected
by COs. Thus the de-volatilization amount of pulverized coal under O»/N> atmosphere should
be close to the real volatile content.

Char combustion after de-volatilization is the second process of coal combustion,
mainly affected by temperature and oxygen concentration. The influence of temperature on
the reactivity of coal char combustion is gener-
alized in fig. 2. Actually, it is also affected by
various factors such as particle size and miner- Air-fuel combustion
als. Coal char combustion is in the reaction-
control zone at low temperature and the reac- S
tion rates of oxy-fuel combustion and air-fuel 2~._| Reaction-control
combustion are similar. As the temperature ris- zone
es, coal char combustion enters the diffusion-
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should be in this range. Moreover, the coal char .
combustion enters the diffusion-control zone VT, (K1)

when the temperature is very high, where the
diffusion of O; is significantly affected by CO>
and the oxidation reaction of coal char is re-
stricted, thus, the reaction rate of oxy-fuel combustion is not as good as air-fuel combustion.
In oxy-coal combustion, the reactivity of coal char combustion increases with the oxygen
concentration, and the required temperature also decreases. At the combustion temperature in
boiler, the coal char reactivity of oxy-fuel combustion is better than that of air-fuel combus-
tion. For this phenomenon, Saastamoinen [11] believes although the coal char combustion re-
action is suppressed by the decrease of O, diffusion rate under the CO» atmosphere, the CO-
char gasification reaction rate still increases since the pulverized coal is in the diffusion-
reaction control zone at the boiler temperature. Thus, more CO, reaches char surface and en-
ters the particles to promote gasification reaction, and the overall reactivity is enhanced.

For the burn-out characteristics of coal char, Wall et al. [12] studied three different
Australian coal under the oxygen concentration range of 2-30% both in air-fuel and oxy-fuel
atmosphere. It is found that increasing the oxygen concentration can elevate the burnout rate
of all coals, and the burnout rate under oxy-fuel atmosphere is higher than that under air-fuel
atmosphere at any oxygen concentration. These results are caused by CO»-char gasification
reaction. In addition, some researchers [13, 14] calculated the conversion of single-particle
coal in oxy-fuel combustion and believed that CO; gasification reaction would reduce the par-

Figure 2. Effect of temperature on the reaction
rate of coal char
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ticles temperature. However, their results also indicate that the presence of gasification leads
to a decrease in the burnout time of particles and an increase in the conversion rate of coal
char. As a conclusion, the influence of CO, gasification reaction on coal char burnout cannot
be ignored under oxy-fuel combustion at high temperature.

Heat transfer characteristics

It mainly considers radiation heat transfer and convection heat transfer in the fur-
nace, which depends on the flame temperature, radiative characteristics of gases and particles,
emissivity of furnace wall, and the aecrodynamic field of the flame. It is believed that in an
oxy-fuel atmosphere, the low kinematic viscosity of CO» leads to a large convective heat
transfer coefficient at the same flow rate [15]. Toporov [16] further verified that the convec-
tive heat transfer coefficient in oxy-fuel condition is slightly higher than that in air-fuel condi-
tion and it becomes higher as the recycle rate of flue gas increases. Therefore, oxy-fuel com-
bustion could reduce the heating surface of the boiler, and thereby saving materials [17]. Due
to the difference in heat transfer, the heat flux distribution in oxy-fuel boiler is different from
that in air-fuel boiler. Wall et al. [12] numerically studied a 30 MW boiler and found that the
wall heat flux on the burner side is greater for air-fuel combustion, while the heat flux on the
boiler back wall is greater for oxy-fuel combustion. This is because the high CO> specific heat
delays the ignition which makes flame length increase. In order to reach a same adiabatic
flame temperature as air-fuel combustion, the required oxy concentrations are 35% and 28%,
respectively for the dry flue gas recycle and wet flue gas recycle based on the analysis of oxy-
fuel combustion of bituminous coal [12]. It is believed that there are similar heat transfer
characteristics for oxy-fuel and air-fuel combustion when their temperature fields are similar
in furnace. Therefore, the existing boilers can be modified by adjusting the oxygen concentra-
tion and recycled flue gas [15]. Radiation heat transfer is predominant in coal-fired boilers.
Relying participating media such as triatomic gases (CO2, H>O) and fine particles (soot and
fly ash). Nicely, oxy-fuel combustion can generate more CO> and H>O gases, and meanwhile,
the volume of flue gas decreases and the concentration of fine particles increases due to flue
gas recycle. Thus, radiation heat transfer is higher in oxy-fuel combustion. Section Radiant
model will introduce the oxy-fuel gas radiation model in detail.

There are also some classical experiments on radiation heat transfer. The IHI in Ja-
pan built a 1.2 MW pilot plant to study the oxy-fuel combustion of pulverized coal [18].
High-volatile bituminous coal was used in both O2/CO> and O»/N» atmospheres, and a heat
exchange tube was set in the furnace to simulate the real radiation transfer surface in boiler. It
appears that the radiative heat transfer in 27% O,/CO, atmosphere with wet flue gas recycle is
similar to that in air-fuel atmosphere. Andersson et al. [19] and Hjartstam et al. [20] in
Chalmers University of Technology built a 100 kW oxy-fuel combustion test platform with
flue gas recycle and studied radiation characteristics of lignite combustion. In the experiment,
the flue gas recycle rate was adjusted to increase the oxygen concentration from 25% to 29%.
It shows that both flame temperature and total radiation intensity increase, and the ratio of gas
radiation to total radiation in oxy-coal combustion is slightly higher than that in air-coal com-
bustion. These results indicate that most radiation in lignite flame is emitted by flame parti-
cles. The authors believe that the increase in gas radiation caused by higher CO» proportion is
not obvious in coal combustion. Moreover, as long as there are similar temperature fields, the
total radiation intensities are similar regardless of oxy-coal or air-coal combustions.
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Pollutants emission

Oxy-coal combustion could produce environmental pollutants such as NOy, SOy, and
solid particulate. The circulation of NOyx and SOy in oxy-fuel flue gas causes corrosion on
boiler and furnace, which seriously threatens the boiler safe running. In addition, it also has an
impact on the energy consumption and safety of CO, compression and separation process.

Nitrogen oxides

Coal combustion mainly generates NO. The NO is converted to NO; at low tempera-
ture and N>O may also be produced at a combustion temperature of the fluid-bed boiler. The
formation mechanism of NOy in pulverized coal

combustion is shown in fig. 3. The NOy for- Fuel-based

mation in coal combustion is divided into three NO, Heterogenous _
: formation oxidation

types: thermal NOy formation and prompt NOx —

. +0
formatlon from N, and fuel-based NOy for- Prompt > (Mo
mation from fuel-N. NO, e

The NOy emission in oxy-coal combustion formation“ycH;  +OH Re-buring
is lower than that in air-coal combustion, which
only accounts for about 1/3 of that in air-fuel T?g:nr::ilglr?x Zeldovich

atmosphere. The primary reason for the reduc-

tion of NOy lies in the isolation of nitrogen in Figure 3. The NOx formation mechanism in

the atmosphere, which reduces the generation Pulverized coal combustion

of thermal NOy, and the re-burning of NO in the

fuel-rich zone in oxy-fuel combustion. Under oxy-fuel conditions, the increase of CO, ratio
decreases the flame temperature and NO production dramatically, causing the mechanism of
NO production is transformed from the thermal to prompt route [21]. Moreover, the high CO,
proportion also contributes to the reaction of CO; + H—CO + OH, which promotes the re-
burning of NO due to much produced OH [22].

Methods to control NOx emission in oxy-coal combustion are also significant. The
partial pressure of oxygen is an important factor affecting NOy formation. It have been point-
ed out that oxygen partial pressure has a first-order increasing relationship with NOy produc-
tion during oxy-coal combustion [23], which has guiding meaning for the development of
low-NOx combustion technology. Developing burner is an important NOx control technology.
Tan et al. [24] conducted a series of technical tests of oxy-coal combustion and believed that
the formation of NOy could be reduced under the premise of ensuring a rational burnout by
optimizing the burner design and organizing oxygen combustion. In addition, the staged com-
bustion technology can also reduce NOy in oxy-fuel combustion [25]. The reason lies in that
staged oxy-fuel combustion can increase the de-volatilization rate, thereby increasing the re-
duction of NO in fuel-rich zone, and the reduction of flue gas dilution in the staged oxy-fuel
combustion results in a longer residence time of NO in the reduction zone.

Sulfur oxides

Sulfur emissions in coal combustion process will cause low temperature corrosion in
the economizer and tail heating surface of boiler and also affect the fly ash characteristics.
Sulfur emission is directly proportional to the sulfur content of coal. Flue gas recycle makes
SOy concentration in oxy-fuel combustion furnace much higher than that in air-fuel combus-
tion. However, most studies show that the SOy emission rate is still lower than that in air-fuel
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combustion. The experimental results of oxy-fuel combustion in IHI 1.2 MW test platform
with dry flue gas recycle show that the sulfur conversion rate in coal is significantly lower
than that of air-fuel combustion, and SO, emissions decrease by 20-30% [7]. Wall et al. [12]
conducted experiments on three coals and found that the SO, emission is only about 2/3 of
that in air-fuel combustion. This is because the condensation deposit of sulfate in the pipe and
more sulfur is absorbed by the ash in oxy-fuel combustion with flue gas recycle.
As shown in fig. 4 [26], increasing the oxygen ratio will elevate the SO, emission
rate in oxy-fuel combustion. The fuel equivalent ratio, ¢, also has a greater impact on SO».
There is a SO, emission peak at ¢ about 1.2.

= iogg -8-20% O, [0, + COy This is because S remains in the unburned car-
500 | -@— . .

e 050 : ggz;g 82 bon or is converted into other reduced sulfur
N T 2 .
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B rich zone where ¢ is greater than 1.2. In addi-
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2000 | zone where ¢ is less than 1.2. Tan etal. [24]

1500 | found that SO; conversion rate in oxy-coal

1000 | .’/r“.__. combustion (5%) is higher than that in air-coal
[

500 combustion (1-5%). Although most scholars be-
0 05 10 15 lieve that oxy-fuel combustion is beneficial to
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Figure 4. The influence of oxygen concentration of .the sulfur convers1on'to other sulfides re-
and fuel equivalent ratio on SO emission [26] ~ Mains to be further studied. Flue gas recycle

could increase the concentration of SO and
SOs in the furnace, and oxy-fuel combustion will also increase the acid dew point, thereby ac-
celerating low-temperature corrosion. Therefore, oxy-fuel combustion should use low-sulfur
coal and take desulfurization before flue gas recycle.

Fly ash and soot

Minerals conversion in coal is affected by combustion temperature and atmosphere
[27]. The differences of atmospheres and temperatures between oxy-fuel and air-fuel combus-
tions will affect the formation mechanism and the composition of fly ash. Compared with air-
fuel combustion, oxy-fuel combustion with the same oxygen concentration reduces the adia-
batic flame temperature and suppresses the combustion rate. Thus, the volatilization of vola-
tile metals and the secondary oxides of non-volatile metals slows down and the formation rate
of fly ash is also reduced [28, 29]. Increasing the oxygen concentration can reduce the differ-
ence between oxy-fuel and air-fuel atmospheres, because adjusting oxygen concentration can
change combustion temperature and coal char distribution in different phases [27-29]. In Su-
riyawong’s [30] experiment, the variation of oxygen concentration from 20% to 50% in oxy-
coal combustion makes the temperature increase by 907 K and results in more fly ash with
large particles. In addition, Wall et al. [12] pointed out that the fly ash concentration in the
flue gas of oxy-coal combustion is 1.5 times greater than that of air-coal combustion due to
the reduction of flue gas volume. Moreover, there will be more deposition at the bottom of
oxy-fuel combustion boiler due to low flue gas flow rate. This is conducive to the subsequent
ash removal work. The content of sulfur in fly ash of oxy-coal combustion is higher than that
of air-coal combustion. This also verifies that oxy-fuel combustion can suppress the conver-
sion of S in coal from solid to gas phase.
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There are fewer studies on soot formation in oxy-fuel combustion. Guo et al. [31]
pointed out that O2/CO, atmosphere has an inhibitory effect on the soot formation because the
high specific heat of CO> causes a decrease of the flame temperature. Saanum et al. [32] be-
lieve that the amount of soot produced by oxy-fuel combustion is also smaller than that by air-
fuel combustion. The main reason is that CO, reacts with H free radicals to generate OH radi-
cals, thereby promoting the oxidation of soot precursors. Morris et al. [33] found that bitumi-
nous coal produces less soot under oxy-fuel conditions than in air-fuel condition. Therefore, it
appears that the soot production in oxy-coal combustion is generally reduced.

Trace elements

Trace elements have a content of less than 100 pg/g in coal [34], and the content is re-
lated to the coal types. Trace elements generally include mercury, lead, selenium, molybdenum,
vanadium, manganese, zinc, copper, and other elements. For oxy-coal combustion, Zheng et al.
[35] found that the emissions of mercury, chromium, arsenic, and selenium are not affected by
oxy-fuel atmosphere through equilibrium calculation. Wall et al. [12] found that the mercury
content in the ash increases in oxy-coal combustion, but the mercury could not be leachable and
its form also could not be determined. Boron element exists in fly ash and flue gas, and its con-
tents are not much different between oxy-fuel and air-fuel combustions. However, more boron
can be filtered out from ash in oxy-fuel combustion, so it may exist in different forms. Suri-
yawong et al. [36] studied the release characteristics of heavy metals and particles in oxy-coal
combustion and found that proportions of elemental mercury and oxidized mercury in oxy-fuel
combustion are not much different from that in air-fuel combustion. Zhang et al. [37] found that
the mass content of most trace elements in particles are basically the same in particle size range
of PM, but the content of selenium in size range of PM o under oxy-coal combustion with flue
gas recycle is significantly higher than that in air-coal combustion. At present, there is no sys-
tematic research report on trace element emissions in oxy-fuel combustion, so there are few ref-
erences and relevant research needs to be further carried out.

Numerical models

Numerical simulation can quickly, accurately and cost-effectively analyze the flow,
heat transfer, and reaction process in combustion. It is widely used in fuel combustion studies.
For oxy-fuel combustion, some general models of air-fuel combustion can be used. In addi-
tion, scholars have established different radiation and reaction sub-models to adapt to oxy-fuel
conditions.

Turbulence model

Industrial combustion processes are mostly in turbulent condition. In theory, all tur-
bulence can be solved by direct numerical simulation, that is, solving the Navier-Stokes equa-
tion directly, but this requires huge computer capacity, so it is mostly solved by turbulence
models in practical engineering. The main models are based on RANS and large eddy simula-
tion (LES). Turbulence models for coal combustion reactions are often based on RANS. In
oxy-fuel combustion, scholars also mostly use the two-equation k-¢ model based on RANS to
simulate turbulent combustion as shown in [38-40], and the results are in good agreement
with the experiment. Edge et al. [41] used both LES and RANS methods to numerically simu-
late oxy-coal combustion, and found that the prediction results by LES are more accurate in
flue gas recycle zone. This is because LES performs direct numerical calculations on turbu-
lent large eddies, resulting in high accuracy.
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Radiation model

Radiation heat transfer is obtained by solving the radiation transfer equation (RTE) in
CFD simulation. Spectral RTE with emission, absorption and scattering can be expressed [42]:

O+ IO+l + [ 1,605 900 M
ds Lo T A

4n

where x, is the spectral absorption coefficient, s — the scattering coefficient, and @ — the scat-
tering phase function. The RTE in CFD calculation is generally solved by discrete
co-ordinate method [42] since it is easier to combine with various radiative models and has
higher calculation speed and accuracy [43].

Due to the large CO; proportion in oxy-fuel combustion, the gas radiation character-
istics are significantly different from that in air-fuel combustion. In order to obtain accurate
gas radiation characteristics under oxy-fuel conditions, the absorption spectra of CO, and H,O
as well as the overlap between them must be considered. Because it is quite complicated to di-
rectly calculate the absorption coefficient, the weighted-sum-of-gray-gases (WSGG) model is
developed for gas radiation characteristics. It has simple principle and high calculation effi-
ciency and also can be combined with various RTE solving methods, leading to widely appli-
cation [44]. The core idea of WSGG model is to replace the actual non-gray gas with N gray
gases, and the total absorption coefficient or radiative heat flux is equal to the weighted sum
of each gray gases [45]. The emissivity on the path-length L is expressed by WSGG model:

n
£= [l —exp(—x;XPL)] )
i=1
where X is the mole fraction of the mixed gas, expressed as the sum of the mole fractions of

H>0 and COx:
X =Xy,0+ Xco, (3)

The absorption coefficient x; of each gray gas is constant in a certain spectral region,
and a; represents the weight. The sum of the weights must be one, which also includes the
white gas weight a9, whose absorption coefficient xo is zero; thus, there is:

a =1 “

n
=0

The focus of WSGG model development is to determine the absorption coefficient,
ki, and weight coefficient, a;, of each gray gas. For the oxy-fuel atmosphere, Yin et al. [46]
proposed a new WSGG model of four gray gases based on the exponential wide band model.
Johansson et al. [47] developed a new WSGG model based on the statistical-narrow-band
(SNB) model of EW2C database. Dorigon et al. [48] further developed an oxy-fuel WSGG
model based on line-by-line model of HITEMP2010 database. Recently, Shan et al. [49, 50]
have further developed a WSGG model of oxy-fuel combustion under pressurized conditions
based on SNB model. Centeno et al. [51] found that WSGG models have greater impact on
the results of temperature field and wall heat flux in oxy-fuel combustion furnace through the
numerical simulation. The WSGG model developed by Dorigon has better results, while the
WSGG model for traditional air-fuel combustion is not ideal. Recently, their group still used
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Dorigon’s WSGG model to calculate gas radiation characteristics when analyzing radiation-
turbulence interactions in an oxy-fuel atmosphere and idea results were obtained [52]. Be-
sides, Jovanovi¢ et al. [53] used Yin’s WSGG model to simulate a 0.5 MW furnace burner for
pulverized coal combustion and found that the numerical temperature fields in both air and
oxy-fuel conditions are in good agreement with the experimental results. Zhang et al. [54]
used different WSGG models developed by Yin and Johansson to perform numerical simula-
tion of a 100 MW oxy-fuel combustion boiler for pulverized coal. In addition to gas radiation,
the particles and soot radiation in the furnace also cannot be ignored. Johansson et al. [55]
found that particle radiation is dominant when studying particle and gas radiation in a cylin-
drical reactor. Backstrom et al. [56] and Yin [57] also gave similar conclusions. Therefore,
although gas radiation is enhanced in oxy-fuel combustion, the radiation heat transfer in the
furnace is dominated by particle radiation.

Reaction model

Oxy-coal combustion is a heterogeneous reaction. Due to the high CO, concentra-
tion, it will cause the CO; gasification reaction and the O, diffusion rate decrease. Consider-
ing the diffusivity, Khare et al. [58] numerically simulated the oxy-fuel and air-fuel combus-
tions on a vertical furnace of pilot plant. Different mass diffusion-limited rate constants and
kinetic-limited rate pre-exponential factors are selected for oxy-fuel combustion and air-fuel
combustion based on drop-tube furnace experimental results. It is found that the simulation
results are not very consistent with the measured results since the CO; gasification reaction is
not considered.

It can improve the accuracy of the char _ 6
consumption rate simulation if CO, gasification £
reaction is considered. Kuhr et al. [59] used two g °] n@:\\
models to simulate the pulverized coal combus- € 4{ PO e o
tion in an 02/CO; atmosphere in a vertical reac- ¢ R @ T o
tor without flue gas recycle. One is an inherent 5 31 AT --.m
model that only considers oxy-char combustion, é 6 gg gEg Ex:::oé‘écoazs?f?:;fgiﬁ)“’”)
and the other also considers a Boudouard reac- 2, 21 a CO experiment 29
tion model (COa-char gasification). The results S ] 0 82 8Eg mghm&t)cogs%?j;‘ﬁ;om
obtained are shown in fig. 5. It appears that the & o og experiment - ’
predicted oxygen concentration by the model &

without gasification is obviously higher, while
the model considering the gasification reaction
predicts the oxygen concentration very well.
Thus, the influence of char gasification on the
reaction cannot be ignored under oxy-coal conditions. In addition, the concentration of H>O in
flue gas cannot be ignored under wet recycle conditions, some numerical studies [60, 61] uti-
lized both char-CO; and char-H,O gasification reactions in the char combustion model.

Gas phase reactions in coal combustion are also very important, including the pyrol-
ysis and combustion of gaseous components. It is necessary to model their reaction mecha-
nisms and turbulent-chemical interactions. For reaction mechanism model, the volatile matter
combustion was simplified as a one-step reaction in early oxy-fuel combustion numerical
simulation [62], but this could not accurately predict the CO concentration. Later, Toporov
et al. [60] proposed a two-step simplified model for reaction mechanism of volatile matter
combustion:

Figure 5. Influence of gasification model on
simulation results [59]
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Simulation results show that the temperature distribution and O> concentration are in
good agreement with the experimental results, but the CO concentration distribution is not
given in the paper. Andersen et al. [63] modified the two-step and four-step reaction mecha-
nisms widely used in air-fuel combustion to adapt to oxy-fuel combustion. The reaction prod-
ucts were predicted through detailed chemical reaction kinetic simulation, and the results
shows that both predicted temperature and CO concentrations are closer to the experimental
results than the unmodified model results. In general, oxy-coal combustion is more compli-
cated, and its mechanism model needs further study. Especially for heterogeneous reactions
based on different coal types, thermo-gravimetric experiment of oxy-fuel combustion for coal
char should be carried out to obtain the reaction kinetic parameters.

In turbulent flame, the coupling of turbulence and chemical reactions is also the fo-
cus in oxy-fuel combustion simulation. Most simulations use the eddy-dissipation model
(EDM). In addition, a finite rate/eddy dissipation model is proposed, that is, the reaction rate
takes a smaller one between the Arrhenius rate and the eddy dissipation rate. Furthermore, the
eddy dissipation conceptual (EDC) model is proposed as an extension of EDM to adapt to the
multi-step chemical reaction in turbulent flow. It assumes that the reaction takes place in a
small turbulent structure controlled by Arrhenius' rate. Cui et al. [64] used EDC model for the
coupling of turbulence and chemical reaction and performed numerical calculation on oxy-
coal combustion for a swirl burner, and the results shows a better prediction of flame tempera-
ture and ignition position. Jovanovi¢ et al. [53] simulated the oxy-fuel burner for pulverized
coal with a finite rate/eddy dissipation model and the results are in a good agreement with the
experiment. Liu et al. [65] presents a numerical investigation on oxy-coal swirling flame and
compares the influence of EDM and EDC models, it founds that superior results for EDC
model in the prediction of exhausted flue gas mixture and CO concentration.

Summary and outlook

Oxy-fuel combustion of pulverized coal is different from air-fuel combustion in
heat transfer and combustion characteristics. At present, the researches of oxy-fuel combus-
tion mainly focus on the combustion characteristics, heat transfer, pollutant emission, and
numerical simulation methods. This review is not meant to be exhaustive and only representa-
tive works are selected. Nevertheless, it is hoped to be helpful for researchers in quickly
knowing the underlying knowledge and research topic of oxy-coal combustion. The summar-
ies of key results and directions that can be further developed in the future include as follows.
e Due to high specific heat and density of CO,, the ignition, flame and heat transfer charac-

teristics of oxy-coal combustion are different from that in air-fuel combustion. Therefore,
it is necessary to develop boiler design guidelines suitable for oxy-coal combustion. In
addition, it also needs to develop suitable burner for oxy-coal combustion.
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It is found that oxy-coal combustion can reduce NOy emissions, and flue gas recycle can
reduce SO» emissions. However, the principle is still unclear. The migration law of N and
S in oxy-coal combustion, their mutual coupling mechanism and the relationship with
other elements need to be further studied. There is no systematic report on the emission of
fly ash and trace elements, so further investigation is needed.

High triatomic gas concentration makes the radiative heat transfer of flue gas an im-
portant subject of oxy-fuel combustion. Using WSGG model can simulate the gas radia-
tive characteristics in oxy-fuel atmosphere more accurately and efficiently. The radiation
of solid particles in oxy-coal combustion is dominant. Therefore, it is an interesting sub-
ject to develop a WSGG model or other radiation model that can describe the mixed radi-
ation characteristics of particles and gases. In addition, there are few reports on the com-
bination of turbulence and radiation effects in oxy-coal combustion, which should be paid
more attention.

Considering heterogeneous models of CO,-char gasification and HO-char gasification
can better predict the concentration reaction products. However, the oxy-coal combustion
is more complicated; thus, the thermo-gravimetric experiment of oxy-fuel combustion for
char should be carried out to obtain reaction kinetic parameters for heterogeneous reac-
tions based on different coals. It is also an important subject to establish a reaction kinet-
ics database for oxy-coal combustion through neural network technology based on exper-
imental results.
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