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Abstract: Oxy–fuel (O2/CO2) combustion technology shows great potential for carbon reduction.
However, difference in the combustion atmosphere would affect coal combustion characteristics and
pollutant emissions. In order to explore oxy–fuel combustion characteristics, two typical Chinese coals,
sub–bituminous and lean coal, were utilized. Based on thermogravimetry and pilot–scale test, the
ignition and burnout characteristics under oxy–fuel and air combustion atmosphere were investigated.
Besides, the NOx emission characteristics were also investigated on the pilot–scale test. Through
experimental results, these two kinds of coal showed different combustion characteristics, mainly
due to differences in coal quality. Compared with air combustion, oxy–fuel combustion affected the
coal combustion process. Firstly, the ignition temperature of sub–bituminous and lean coal decreased
from 418 and 477 ◦C to 405 and 415 ◦C, respectively; the burnout temperature also decreased from
855 and 985 ◦C to 808 and 838 ◦C, respectively. Then, coal combustion performance was evaluated by
comprehensive combustion characteristics (S); with an increase in S from, respectively, 3.659 and 2.013
to 4.826 and 3.545 × 10−8(min−2 × K−3), the combustion performance significantly improved. Then,
the char burnout time was advanced for 1~3 min. Similar results were obtained on the pilot–scale
test. The ignition temperatures decreased from 505 and 552 to 490 and 512 ◦C, respectively. Moreover,
the char burnout rate increased by 0.5~5% and 2~11%, respectively. Lastly, the NOx concentration in
flue gas was 2.2~2.6 and 2.0~2.3 times higher for the two kinds of coal under oxy–fuel combustion.

Keywords: coal; oxy–fuel combustion; ignition; burnout; NOx

1. Introduction

With the rapid development of the global economy, there will be further demand for
electricity in the future. According to a report from the International Energy Agency [1],
global electricity demand grew by more than 6% in 2021, and coal–fired power plants
covered more than half of that demand. Despite the growing share of renewable energy,
coal–fired power generation still provides about one–third of the world’s electricity and
its dominance is hard to replace in the short term. However, the use of fossil fuels would
cause serious environmental problems and is not conducive to sustainable development.
Nowadays, global warming is becoming increasingly serious due to huge CO2 emissions.
The greenhouse effect will lead to melting glaciers and frozen soil and rising sea level,
which will not only harm the balance of natural ecosystems, but also affect human health
and even threaten human survival. Besides, large amounts of pollutants such as NOX and
SO2 will pollute the atmosphere and cause acid rain, posing significant challenges to human
survival. As the world’s largest carbon emitter, China has pushed aggressively to reduce
carbon emissions. In September 2020, President Xi Jinping announced at the United Nations
General Assembly that China would achieve carbon peaking by 2030 and carbon neutrality
by 2060; this goal demonstrates China’s confidence and determination in addressing
climate change issues. However, China’s CO2 emissions in 2019 were about 9.8 Gt, of which
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coal–related CO2 emissions accounted for about 75.4%, as coal has dominated China’s
carbon emissions [2]. Therefore, it is urgent to promote low–carbon and clean coal–fired
power plants.

In order to facilitate the transformation, the most effective way is to improve the
efficiency further and reduce coal consumption of power plants, which can radically solve
the problem. As we all know, the water vapor Rankine cycle is commonly used for power
generation, and its thermal efficiency has hit a bottleneck so far. Further improvement
in thermal efficiency requires an increase in the vapor temperature entering the tube, but
vapor at an ultra–high temperature, such as 700 ◦C, would react with metal materials [3],
which limits further improvement in thermal efficiency. The supercritical carbon dioxide
Brayton cycle (S–CO2 cycle) power generation technology has recently become a research
hotspot in the power industry, where the Brayton cycle replaces the Rankine cycle to achieve
higher thermal efficiency. Compared to the conventional water vapor Rankine cycle, the
S–CO2 cycle has several significant advantages: high efficiency in the mild turbine inlet
temperature zone and a compact system including turbo machinery and heat exchangers,
suitable for several heat sources, including nuclear power, fossil fuels, waste heat, and
solar [4]. However, the application of S–CO2 cycle to coal–fired power plants is limited to
conceptual designs [5,6], which means its future industrial application will take time.

In addition, another effective way to reduce CO2 emissions is to combine coal power
with renewable energy, which can replace coal–fired power generation and promote energy
recycling. For example, biomass is regarded as a carbon–neutral renewable energy, and its
co–firing with coal is a relatively fast and effective technique for partial decarbonization
of coal–fired power plants [7]. However, the difference in fuel characteristics between
coal and biomass results in engineering and environmental problems associated with the
treatment and supply of fuel, slagging, fouling, and corrosion of the heating surfaces [8],
if co–firing is introduced in coal–fired power plants. Therefore, circulating fluidized bed
(CFB) technology seems to be the most suitable for co–firing biomass and coal due to its
excellent fuel flexibility [9]. Over the past few decades, CFB has been widely applied in
areas of energy conversion, such as coal combustion and gasification. It has also been
reported that CFB power plants of different sizes could operate effectively and efficiently
with a range of biomass types and loads in co–firing applications, with lower net CO2
emissions compared to coal as the sole fuel and only a slight fall in efficiency for electricity
generation [10]. Additionally, CFB, as a clean combustion technology, has the advantages
of good combustion at low temperatures and air–staged combustion. Compared to conven-
tional boilers, CFB is also a method that can effectively reduce NOx emissions, ensuring
that pollutant emissions more easily meet standards [11–13].

Finally, the separation of CO2 from flue gas is a critical issue in the treatment of CO2.
Carbon capture, storage, and utilization (CCUS) is an internationally recognized advanced
carbon reduction technology, and its application in coal-fired power plants would have
great prospects [14]. Generally, carbon capture is the core step of CCUS, accounting for
more than 70% of the cost in the whole technology chain. According to different capture
stages, there are three main methods: pre–combustion, in–combustion (also called oxy–fuel
combustion), and post–combustion [15]. Among them, oxy–fuel combustion technology
is superior in retrofitting the existing power plants only with the addition of ancillary
equipment, including air separation and CO2 purification and compression unit; it has a
comparatively lower capture cost and the largest potential for CO2 capture [16,17]. Oxy–fuel
combustion as a new combustion technology refers to utilizing the mixture of pure oxygen
and recycled flue gas instead of air as a combusting agent, after which a gas consisting
mainly of CO2 and H2O is generated that is ready for sequestration without stripping the
CO2 from the flue gas. As for conventional air combustion, only 10~20% CO2 is present as
a dilute gas in the flue gas, resulting in costly capture using amine absorption. However,
several successfully operated oxy–fuel industrial demonstrations and commercial projects
have generally obtained a flue gas stream with 90% CO2 [18]. Evidently, CO2 capture is
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more easily achieved from a concentrated CO2 stream. In conclusion, the development of
oxy–fuel combustion technology is an effective means to promote CO2 emission reduction.

Although oxy–fuel combustion is beneficial for achieving low carbon emissions, the
presence of high–concentration CO2 in the combustion atmosphere would affect the coal
combustion process, which should not be negligible. Indeed, oxy–fuel combustion has
been studied for decades. Many studies have reported that CO2 has an effect on coal
pyrolysis [19,20], combustion [21–24], and pollutant formation [25,26]. However, the
reported results are inconsistent due to the differences in coal quality and experimental
conditions. Differences in coal types would affect combustion characteristics and pollutants
release. Besides, experimental results would also be different due to the different reaction
chamber and flow conditions [27,28] during the reaction, which limits the reported research.
Until now, many existing studies on oxy–fuel combustion are basic research based on
thermogravimetry using a single coal particle. However, it is necessary to carry out a pilot–
scale test that simulates the combustion of pulverized coal particle groups in the actual
boiler to apply oxy–fuel combustion technology. Therefore, it is practical to study the oxy–
fuel combustion characteristics of specific coals from thermogravimetric experiments to
more extensive scale tests; these efforts contribute to the industrial application of oxy–fuel
combustion technology.

Therefore, two typical Chinese coals used in power plants were chosen as experimental
materials, including sub–bituminous and lean coal. Comparative experimental studies
were conducted under simulated oxy–fuel and air atmospheres to investigate oxy–fuel
combustion characteristics. First, the ignition and burnout characteristics of pulverized
coal were studied using a thermogravimetric analyzer. Furthermore, a pilot–scale test,
closer to engineering practice, was carried out using an electric heating pulverized coal
combustion experimental furnace to explore the oxy–fuel combustion characteristics of the
pulverized coal particle group, including ignition, burnout, and NOx emission. Objectively,
thermogravimetric experiments and pilot–scale tests agreed and proved that oxy–fuel
combustion can promote ignition and burnout. Moreover, the NOx emission in flue gas
was higher under oxy–fuel combustion.

2. Experiment
2.1. Experimental Materials

In order to explore the impact of differences in coal types, two typical Chinese coals,
including sub–bituminous and lean coals, were selected. The proximate analysis and
ultimate analysis are shown in Table 1.

Table 1. Proximate and ultimate analysis of coal.

Coal Type Proximate Analysis (wt%) Ultimate Analysis (wt%)
Mar Aar Vdaf FCar Car Har Oar Nar Sar

Sub–bituminous coal 1.91 44.40 29.97 37.60 48.56 2.78 1.52 0.72 0.11
Lean coal 1.12 38.44 17.09 50.11 56.61 2.29 0.37 0.45 0.72

M: Moisture; A: Ash; V: Volatile; FC: Fixed Carbon. ar: as received basis; daf: dry ash free basis.

2.2. Experimental Process

In order to study oxy–fuel combustion characteristics, a comparative experiment of
air combustion is required. Therefore, two types of coal and two combustion atmospheres
were adopted in this work. Different coal types and combustion atmospheres were adopted
to form different experiments: sub–bituminous coal + oxy–fuel, sub–bituminous coal + air,
lean coal + oxy–fuel and lean coal + air. Besides, experimental studies are carried out on a
thermogravimetric and pilot–scale setup.
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2.2.1. Thermogravimetric Experiment

Thermogravimetry is a relatively mature and reliable technique that helps to un-
derstand the thermal behavior of coal. Therefore, experiments were performed on an
infrared–thermogravimetric analyzer (METTLER) to understand how oxy–fuel combustion
can affect coal combustion. The experimental steps are as follows:

1. Sample pretreatment: coal samples were dried at 45 ◦C for 8 h in N2 to remove external
water from coal samples. Then, samples were sieved using a 200–mesh standard sieve
to obtain pulverized coal particles with a size <75 µm. By drying under N2 at 105 ◦C
for 1.5 h, the internal water in coal can be removed.

2. Coal ignition experiment: a certain amount of pulverized coal (15–20 mg) was weighed
and put in the thermogravimetric analyzer. During the experiment, the temperature
increase rate was controlled at 40 ◦C/min, and the temperature increased from room
temperature to the final temperature of 1100 ◦C. The gas flow rate was adjusted to
simulate two different atmospheres: oxy–fuel (CO2:O2 = 74:26) and air (N2:O2 = 79:21),
and the reaction gas flow rate was 3.1 mL/s. Besides, N2 was used as the purge gas at
a flow rate of 0.78 mL/s.

3. Char burnout experiment: coal samples were heated in an N2 environment at 900 ◦C
for 7 min to obtain char by fully removing the volatiles. Then, it was placed in a
thermogravimetric analyzer. Similarly, the temperature increased linearly to the final
temperature (700, 800, 900 ◦C). When the final temperature was reached and kept
stable, the atmosphere was quickly switched as step (2). After that, the char was held
at the final temperature for 36 min until it was fully burned out.

2.2.2. Pilot–Scale Test

To simulate the conditions in an actual industrial process, an electrically heated furnace
is used for pulverized coal particle group combustion characterization, as shown in Figure 1.
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Figure 1. Sketch of the electrically heated pulverized furnace experimental system to study the coal
combustion characteristics.

The above system is suitable for pulverized coal particle group, with a designed
powder amount of 0.1~0.5 kg/h. The system can be maintained for a long time under high
temperatures ranging from 800 to 1200 ◦C due to an external electric heating source. The
structure and function of each part of the system are as follows:

1. Body: including furnace body, electric heating system (silicon molybdenum rod, trans-
former, etc.), fire observation port, temperature measurement port, gas sampling port,
adsorbent injection port, and high–temperature sampling port for smoke and dust.
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2. Fuel and combustion systems: including pulverized coal feeding and metering de-
vices, burners, etc.

3. Air supply system: including air supply fan, primary air pipeline, secondary air
pipeline, primary wind power heater, secondary wind power heater, flow meter,
manual adjustment valve, compressed air pipeline, etc.; because the oxygen–enriched
combustion test needs to use different concentrations of O2/CO2. For gas distribution,
the original air supply pipeline was modified and air compressor was not involved.
The O2/CO2 cylinders after decompression through the corresponding mass flow
meters are used for precise gas distribution.

4. Flue gas system: including tail flue, manual adjustment valve, bag filter, induced
draft fan, etc.

5. Cooling system: including flue gas cooler, feed pipe, water pump, flow meter, electric
regulating valve, return pipe, cooling tower, etc.

6. Measurement and control systems: including flow, pressure, temperature, and oxy-
gen measurement devices and PLC control systems (real–time data acquisition and
processing systems, electric heating power automatic adjustment systems, and safety
protection systems).

7. Sampling system: including sampling tubes, cartridges, flow meters, vacuum pumps, etc.

3. Results and Discussion
3.1. Thermogravimetric Experiment Analysis
3.1.1. Coal Ignition Characteristics

Ignition is the initial stage of the combustion process and can influence flame stabil-
ity, extinction, and subsequent combustion status. In engineering practice, the ignition
characteristics of coal particles are crucial for boiler design and combustion control [29].
Figures 2 and 3 show mass change vs. temperature (TG), mass change rate vs. temperature
(DTG), and temperature difference between reference and sample vs. temperature (DTA)
of coal combustion under oxy–fuel and air atmosphere. Apparently, the presented TG
and DTG curves of sub–bituminous coal and lean coal are roughly similar to the trend of
TG and DTG in other studies [30,31], with nothing unusual happening, which proves the
reliability of the experimental results and ensures that subsequent analysis based on TG
and DTG is meaningful.
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Through thermogravimetric experiments, TG, DTG, and DTA curves were obtained
under different coal types and combustion atmospheres during combustion. Then, TG,
DTG, and DTA of the four different experimental groups are put together for analysis to
clarify the effect of coal quality and combustion atmosphere. The results are shown in
Figures 4–6.
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In Figure 4, the four TG curves differ from each other. It can be seen that the slope
of the TG curve for sub–bituminous coal is larger, indicating that its mass loss is faster.
Meanwhile, total mass loss is greater for sub–bituminous coal. Due to the increase of the
amount of in the oxy–fuel atmosphere, the TG slope further increases; thus, mass loss is
further accelerated, and this effect is more evident for lean coal. In Figure 5, DTG curves
are also different, indicating mass loss rate varies from each other. As can be seen, the
peak size of DTG and the corresponding temperatures are different. The peak mass loss
rate of sub–bituminous coal is larger and located in the relatively low temperature range.
Sub–bituminous coal has a lower coalification degree due to the higher volatile content and
facilitates the release of volatile components. As the combustion atmosphere varies, the
peak increases and shifts toward lower temperatures. This indicates that volatile release
as well as char combustion is promoted under oxy–fuel combustion. Furthermore, the
ignition mode can also be determined by TG/DTG curves. There are three ignition modes:
homogeneous, heterogeneous, and hetero–homogeneous [32]. In Figures 4 and 5, only
one obvious peak on DTG curves under air combustion was observed. Besides, the mass
loss segment on TG curves is smooth, which belongs to heterogeneous ignition. However,
under oxy–fuel combustion, two peaks appear on DTG curves, corresponding to volatile
release and char combustion, which belong to homogeneous ignition. The variation in
combustion atmospheres leads to a difference in ignition mode. Due to the increase in O2
concentration, the volatile release is accelerated; the volatile release rate is also faster than
the particle surface heating rate. Meanwhile, the presence of CO2 inhibits the combustion
of char and delays char ignition. Figure 6 shows a significant difference in DTA curves,
indicating that heat release during coal combustion is variable. The area between the DTA
curve and X–axis can represent the heat release during the combustion process. However,
the weight of samples in the four experimental groups differs; the area divided by the
amount can be used to measure heat release. The result is that sub–bituminous coal + air
> lean coal + oxy–fuel > sub–bituminous coal + oxy–fuel > lean coal + air. Although
lean coal has a higher calorific value, its high coalification degree makes the combustion
condition poor under air atmosphere. Therefore, the heat release of lean coal is less than
sub–bituminous coal under air combustion. When the combustion atmosphere varies, the
heat release of lean coal is more. This can be explained as the gasification reaction occurs
due to the improvement of the combustion condition by CO2. As for sub–bituminous
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coal, the condition is already good under air combustion, but the gasification reaction is
endothermic, which reduces heat release.

The characteristic temperatures during the combustion process are generally obtained
through the TG/DTG method. According to this method, ignition temperature can be
determined. In Figure 7, there is a peak point A on the DTG curve, and the temperature
of point A is peak temperature Tp. Then, a vertical line is drawn through point A and
intersects at point B on the TG curve. Next, a tangent line is drawn through point B to the
TG curve; it intersects with the parallel line of the mass loss starting at point C, called the
ignition point. Its temperature is ignition temperature Ti. In addition, burnout temperature
Tb is also important. When mass loss reaches 98% total mass loss on the TG curve, the
corresponding point is the burnout point.
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Several indexes are proposed to describe coal combustion status. Among them, the
comprehensive combustion characteristics index S is wildly applicable [33], which con-
siders both ignition and burnout temperature, and thus, can comprehensively assess coal
combustion performance. The definition of S is shown in Equation (1), and a larger S
represents better combustion status:

S =
(dm/dt)max(dm/dt)mean

TiTb
2 (1)

In the above equation, (dm/dt)max, (dm/dt)mean are maximum and mean conversion rate
during combustion. These characteristic parameters obtained from TG/DTG curves and
comprehensive combustion index S are shown in Table 2.

As shown above, Ti, Tb and ti, tb are lower for sub–bituminous coal under the same
combustion atmosphere. Besides, (dm/dt)max and (dm/dt)mean are higher compared to lean
coal, regardless of oxy–fuel or air atmosphere. However, when the combustion atmosphere
varied from air to oxy–fuel, Ti and Tb both decreased, and ti and tb further reduced. This
phenomenon verified that oxy–fuel combustion could improve coal combustion. Similarly,
the increase in S under an oxy–fuel atmosphere can also prove this.
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Table 2. Characteristics parameters and evaluation index S in the combustion process.

Parameter Unit Sub–Bituminous
Coal + Oxy–Fuel

Sub–Bituminous
Coal + Air

Lean
Coal + Oxy–Fuel Lean Coal + Air

ti min 9.5 9.83 10.67 11.3
tp min 10.57 11.67 14.33 14.48
tb min 19.55 20.8 20.35 23.3

(dm/dt)mean %/min 3.2 2.9 3 2.5
(dm/dt)max %/min 7.5 6.8 6.9 5.7

Ti
◦C 405 418 415 477

Tb
◦C 808 855 838 985

S 10−8%2 (min−2·K−3) 4.826 3.659 3.545 2.013

3.1.2. Char Burnout Characteristics

The coal combustion process mainly includes volatile release and subsequent char
combustion. However, char combustion is the slowest step of the overall coal combustion
process and affects the residence time and, therefore, the heat transfer and efficiency [34].
In general, studying how oxy–fuel combustion can affect char combustion is necessary.
Figures 8–10 present TG curves during combustion at different temperatures.

As can be seen, char combustion behaviors are distinct with different coal types and
combustion atmospheres. The TG curve slope of sub–bituminous coal is significantly higher
than lean coal. This can be explained by sub–bituminous coal being more volatile; hence,
its char has developed a pore structure that can provide more reaction sites for O2 and CO2.
In addition, under oxy–fuel combustion, the TG curve slope increased significantly because
the gasification reaction of CO2 occurred to increase char consumption. The overall mass
loss rate increased as the temperature changed from 700 to 900 ◦C. It can be explained that
the combustion process of char involves several chemical reactions and the breakage of
chemical bonds requires enough heat; thus, a higher temperature can provide more heat
and enhance molecular thermal motion. The burnout time can be regarded as the time
corresponding to mass loss on the TG curve no longer changing. As shown in Table 3,
sub–bituminous coal burned out faster than lean coal. When the combustion atmosphere
was changed to oxy–fuel, the sub–bituminous and lean coal burnout times were shortened
by 1~3 min and 1~2 min, respectively. There is no doubt that oxy–fuel improves char
combustion. Moreover, as the temperature varied from 700 to 900 ◦C, burnout time was
reduced by about half. This phenomenon indicated that increased reaction temperature
could also improve char combustion.
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Table 3. The burnout time (min) under different conditions.

Final Temperature Sub–Bituminous
Coal + Oxy–Fuel

Sub–Bituminous
Coal + Air Lean Coal + Oxy–Fuel Lean Coal + Air

700 14.83 17.82 16.28 18.72
800 8.28 9.53 9.5 10.92
900 7.62 9.55 7.88 9.87

In this work, R (specific reaction rate) is used to describe the reaction rate during char
combustion. R is defined as Equation (2):

R =
dα

dt
/α (2)

where α is the char conversion, %, and t is the reaction time, s. R vs. α can be obtained
from the TG curve. The results are shown in Table 4. R10, R30, R50, R70, and R90 represent
the corresponding specific reaction rate for α = 0.1, 0.3, 0.5, 0.7, and 0.9, respectively. It
was evident that R decreased gradually with the increase of α, because char is constantly
consumed. In addition, sub–bituminous coal had higher R than lean coal under oxy–fuel
and air atmospheres, but the difference became smaller as α increased. It can also be
seen that R increased when the combustion atmosphere changed to oxy–fuel, because the
presence of CO2 can consume char through a gasification reaction. Since the gasification
reaction of CO2 is endothermic, the gasification reaction becomes stronger. As the reaction
temperature is increased, a higher specific reaction rate is realized.

Table 4. Variation of specific reaction rate R during char combustion.

Experiment Series R10 R30 R50 R70 R90

Sub–bituminous coal + oxy–fuel—700 ◦C 0.027568 0.003754 0.002017 0.001351 0.000802
Sub–bituminous coal + air—700 ◦C 0.011258 0.003692 0.001935 0.001214 0.000685

Lean coal + oxy–fuel—700 ◦C 0.009859 0.00491 0.00248 0.001321 0.000584
Lean coal + air—700 ◦C 0.011138 0.004092 0.002097 0.001213 0.000513

Sub–bituminous coal + oxy–fuel—800 ◦C 0.0138 0.007951 0.003831 0.002413 0.001277
Sub–bituminous coal + air—800 ◦C 0.008195 0.006183 0.003319 0.002083 0.001387

Lean coal + oxy–fuel—800 ◦C 0.023524 0.006424 0.003517 0.002257 0.001411
Lean coal + air—800 ◦C 0.02442 0.006314 0.003179 0.001698 0.001143

Sub–bituminous coal + oxy–fuel—900 ◦C 0.016651 0.008049 0.004228 0.00254 0.001642
Sub–bituminous coal + air—900 ◦C 0.010699 0.007718 0.003913 0.00224 0.001466

Lean coal + oxy–fuel—900 ◦C 0.014074 0.006995 0.00371 0.00227 0.001565
Lean coal + air—900 ◦C 0.015946 0.006698 0.003257 0.001956 0.00111

3.2. Analysis of Pilot–Scale Test
3.2.1. Ignition Characteristics

When pulverized coal is thrown into the furnace chamber, if the flue gas temperature
does not rise significantly (temperature rise rate below 0.4 ◦C/s), it is considered that it
has not yet ignited. Then, when the temperature rise rate reaches 0.4 ◦C/s or more, it is
assumed to have ignited, and the corresponding flue gas temperature is the ignition tem-
perature. The results are shown in Figures 11 and 12. Obviously, the ignition temperature
of sub–bituminous coal is lower than that of lean coal. Moreover, the ignition temperature
decreased for oxy–fuel combustion, 15 ◦C lower for sub–bituminous coal and 40 ◦C lower
for lean coal, indicating that oxy–fuel combustion promotes the ignition process.
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3.2.2. Char Burnout Characteristics

The ash mass of pulverized coal is assumed to be constant during combustion. There-
fore, the ash content of the fly ash is measured for each test condition based on the ash
tracer method, and the char burnout rate B is calculated using Equation (3) to evaluate the
burnout characteristics of pulverized coal:

B = [1− (A0/A)]/[1− A0/100] (3)

where A0 is the raw coal dry basis ash, %, and A is the fly ash dry basis ash, %.
In Figure 13, under temperatures ranging from 900 to 1100 ◦C, the burnout rate of sub–

bituminous coal under oxy–fuel combustion increased 0.5~5% compared to air combustion.
Similarly, lean coal is 2~11% higher under temperatures ranging from 1000 to 1200 ◦C. This
indicates that oxy–fuel combustion makes char combustion better.

Besides, under temperatures ranging from 1000 to 1100 ◦C, the burnout rate of sub–
bituminous coal is 7~10% higher than that of lean coal under oxy–fuel combustion and
7~20% higher under air combustion, which indicates that the combustion characteristics of
sub–bituminous coal are better. The difference between them gradually decreases as the
temperature increases.
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3.2.3. NOx Emission

NOx is a typical pollutant produced during coal combustion. Under oxy–fuel com-
bustion, high concentrations of O2 and CO2 have an important effect on the formation of
NOx [35]. During the test, flue gas is collected to analyze the content of different compo-
nents, such as CO and NO. In order to evaluate the NOx emission, flue gas composition
was converted to mass concentration measured as NO2 in dry flue gas at the standard
condition and O2 = 6% by Equation (4):

CNOx =

(
21− 6

21− CO2

)
×
[
2.05

(
C′NO + C′NO2

)]
(4)

where CNOX : mass concentration of NOx under specified conditions, mg/m3 (O2 = 6%),
C′NO: NO volumetric concentration of the actual measured dry flue gas, ppm, C′NO2

: NO2
volumetric concentration of dry flue gas measured, ppm, and CO2 : measured oxygen
content of dry flue gas, %.

Figures 14–16 show the variation of flue gas composition collected during the com-
bustion process for sub–bituminous coal + oxy–fuel, and it contains the result of multiple
samplings under steady state. Due to the use of a screw feeder, both NOx and CO change
vs. time made it difficult to intuitively evaluate the variation of NOx and CO. Therefore,
the average value can be used to reflect the NOx and CO concentration. It can be observed
in Figures 14–16 that the CO concentration is decreased, while the NOx concentration
increases. This phenomenon shows a negative correlation between CO and NOx because
CO can promote NOx reduction. Besides, it can be observed that the NOx emission of
sub-bituminous coal under oxy–fuel combustion is 2.2~2.6 times higher compared to air
combustion under temperatures ranging from 900 to 1100 ◦C, as shown in Figure 17. Simi-
larly, for lean coal, under temperatures ranging from 1000 to 1200 ◦C, the NOx emission is
2.0~2.3 times higher. These indicate that oxy–fuel combustion leads to higher NOx emission
because a higher concentration of O2 would accelerate the oxidation reaction occurring on
the char surface. Then, the temperature near coal particles increases and the release rate of
N promotes, resulting in higher NOx concentration in the flue gas. However, the amount of
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flue gas from oxy–fuel combustion boilers is significantly less than conventional air–fired
boilers due to flue gas recycling, i.e., only a quarter of the air–fired boilers. Therefore, total
NOx emission under oxy–fuel combustion decreases.
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In addition, under temperatures ranging from 1000 to 1100 ◦C, the NOx emission of
sub–bituminous coal is about 1.1 times higher than that of lean coal under air combustion.
When it is changed to oxy–fuel, the NOx emission is about 1.2 times higher. These verify
that more NOx is formed during sub–bituminous coal combustion. This is because the
nitrogen content is higher in sub–bituminous coal, while a higher coal rank tends to keep
the fuel N in the solid phase of the char after cracking [36], resulting in more fuel NOx.
Besides, as the temperature increases, the NOx emission of both sub–bituminous and lean
coal increases due to the fact that the consumption rate of char is accelerated and the
reduction of already–formed NOx on the surface of coal char is reduced.
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Regarding NOx, the role of CO and SO2 should be considered. CO is a typical reducing
agent which can reduce NOx in flue gas by promoting its reduction [37]. As for SO2, it
has been shown that the presence of SO2 would inhibit the conversion of CO to CO2, after
which CO further affects NOx formation [38]. However, the transformation of CO at high
temperatures (above 1200 K) is independent of the presence of SO2 [39]. In this work, the
reaction temperature is 900~1200 ◦C, which is high enough. Additionally, the two typical
coals have a low sulfur content, so SO2 does not seem not to be important. Moreover, the
CO concentration will not be high under oxy–fuel and high temperatures, as shown in
Figures 14–16. Perhaps the inhibition effect of SO2 on CO oxidation can be ignored. To sum
up, this research aims to focus on combustion characteristics and nitrogen oxide emission
of typical coals in oxy–fuel atmosphere. The consideration of the interaction between the
various components in the flue gas should be another work in the future.

4. Conclusions

Through thermogravimetric experiments and pilot–scale tests, the ignition, combus-
tion, and pollutant emission characteristics under oxy–fuel combustion are expounded.
The conclusions are as follows:

1. Compared to lean coal, sub–bituminous coal shows better ignition and burnout
performance, but higher NOx emissions, which are determined by the coal quality.

2. Under oxy–fuel combustion, ignition and burnout temperature decrease, and the
comprehensive combustion performance of coal improves because of the higher
concentration of O2.

3. Under oxy–fuel combustion, the burnout rate increases while burnout time decreases.
Additionally, the specific reaction rate becomes higher due to the presence of CO2,
leading to gasification.

4. Under oxy–fuel combustion, NOx concentration in flue gas increases because a higher
concentration of O2 promotes fuel NOx formation.
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