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ABSTRACT: To comprehensively explore syngas cocombustion
technology, gasification experiments in a bench-scale circulating
fluidized bed (CFB) and three-dimensional (3D) numerical
simulations of a coal-fired boiler furnace have been conducted. In
the amplification experiment of biomass gasification, sawdust has
been gasified using air, oxygen-enriched air, and steam. The highest
heating value of the syngas products reaches 12.3 MJ/m3 when the
equivalence and steam/biomass ratios are adjusted in the ranges of
0.21−0.31 and 0.1−0.5, respectively. Subsequently, 3D numerical
simulation has been performed with several kinds of syngas product
to analyze the cocombustion characteristics of the boiler furnace.
Results demonstrate that the velocity field of the boiler furnace
exhibits a well-formed tangential velocity circle and full degree of streamlines. Syngas cocombustion in the coal-fired furnace reduces
the temperature extremum in the combustion zone. Radiant heat flux accounts for >88% of the total heat flux in the furnace. The
outlet NO concentration in the case of syngas cocombustion is less than that of pure coal combustion, and it is reduced
approximately 25 and 40 mg/m3 at cocombustion ratios of 0.1 and 0.15, respectively.

1. INTRODUCTION
Coal-fired plants continue to play an important role in the
Chinese electricity supply system. However, the resulting
pollutant emissions have caused many serious environmental
problems, such as risks to biodiversity and acidification of the
soil and surface water.1 In the past decade, with the
development of sustainable energy generation technology,
methods of cocombustion with biomass in coal-fired units have
received increasing attention among researchers.2,3 Co-
combustion of biomass and coal has proven to be an effective
technology to make the best use of biomass as a renewable
energy resource on a large scale.4 Such important clean coal
methods can bring enormous environmental and economic
benefits.5 Syngas cocombustion technology is an indirect
application of raw biomass. The syngas product is first
prepared through the gasification process, then injected into
the coal-fired boiler furnace, and finally combusted (oxidized)
to release heat. Therefore, the gasification efficiency of the
syngas product and comprehensive cocombustion character-
istics are two key research directions for the development of
syngas cocombustion technology for coal-fired boilers.6

Biomass gasification converts biomass hydrocarbons into
combustible gases with the aid of assistive gasification agents.7

Wojnicka et al. have conducted steam gasification experiments
using sawdust, straw, raw wood, and thistle as feedstocks,

respectively,8 reporting that the compositions of different
syngas products are basically the same at a gasification
temperature of >750 °C. However, the low heating value
(LHV) of the syngas product decreases as the gasification
temperature increases from 650 to 780 °C. Many studies have
shown that the type of gasification agent, equivalent ratio
(ER), and steam/biomass ratio (S/B) are important factors in
biomass gasification.9−11 ER represents the ratio of the amount
of consumed air (or oxygen) to the amount of theoretical air
(or oxygen) required for complete combustion per unit of
biomass, while S/B represents the consumption ratio of steam
to biomass feedstock during gasification. Gasification experi-
ments were carried out with pine in a bubble bed with air as
the gasification agent.12 Results showed that when ER
increases from 0.2 to 0.45 at a gasification temperature of
800 °C, the H2, CO, CH4, and C2H2 contents of the syngas
product are reduced, whereas the CO2 and N2 contents are
increased. As a result, LHV is synchronously reduced. In steam
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gasification experiments with pine powder in a fluidized bed,
the H2 and CO2 contents are increased from 40% to 60% and
from 10% to 30%, respectively, when S/B is increased from 0.5
to 2.5 at a fixed furnace temperature of 750 °C, and LHV of
the syngas product is reduced from 14 to 9 MJ/m3.13 Due to
syngas exhibiting a relatively high energy conversion efficiency
for further applications, one of its important applications is
syngas cocombustion in coal-fired boilers. Syngas cocombus-
tion with coal can reportedly enhance the stability and thermal
efficiency of the original boiler furnace.14

Nevertheless, large-scale experimental tests for syngas
cocombustion technology in practical boilers are time-
consuming and expensive. Therefore, computational fluid
dynamics (CFD) is an extensible method for in-depth study
that has been successfully applied in the investigation of
practical coal-fired boilers. Krzywanski et al. investigated
multifuel coal and syngas combustion in a large-scale OFz-
425 circulating fluidized bed (CFB) boiler installed in
Poland15,16 and successfully validated the experimental results.
It was found that the maximum relative error between the
measured and calculated data was under ±10%. Drosatos et al.
utilized the NPC model to carry out numerical investigations
of the effect of biomass on the combustion stability of low-load
boilers.17 Moreover, the double-mixed fractional PDF model
had been employed to solve the problem of inaccurate
calculation of unburned coke in fly ash multistage fuel
combustion. Dong et al. utilized the PDF model to conduct
a numerical investigation of the cocombustion of biomass gas
and coal in a 600 MW boiler.18 The above research results are
verified with the corresponding experimental conclusions.
As for numerical investigations of cocombustion, relevant

studies have covered aspects of gas−solid convection, temper-
ature deviations, NO emissions, boiler modifications, and so
on.19 Li et al. carried out a numerical investigation of
ultrasupercritical corner tangential coal-fired boilers using
CFD,20 while Huang studied subcritical boilers.21 Liu et al.
conducted a numerical study of the cocombustion of syngas
and coal in a 130 t/h biomass CFB boiler.22 These researchers
found 14.3% and 24.6% reductions in NO emissions at
cocombustion ratios (ξ) of 20% and 30%, respectively. The
numerical results of Lvarez et al.24 had demonstrated that
syngas cocombustion can improve the burnout rate of coal-
fired boilers.25 Moreover, NO emissions can be reduced and
the whole temperature of the furnace is lowered in the
cocombustion case. By contrast, the numerical simulations of
coal and syngas cocombustion performed by Krzywanski et al.

indicates that syngas supply led to increased local temperature
and CO2 concentrations16 and even to frequent emergency
stops of the CFB boiler. Lupiañ́ez et al. found that SO2
emissions were influenced by the chlorine content in corn
stover.23 Therefore, the use of cocombustion technology is
challenged by the feasibility of CFB boilers. If the gas supply
system is well organized and the technically justified load is
minimal, the use of syngas can be beneficial for the original
CFB boiler. However, cocombustion with syngas might result
in beyond acceptable parameters due to changes in the velocity
and temperature profiles of the boiler furnace. The
concomitantly negative effects include the destruction of or
reduction in the operating life of any component.25

The aforementioned investigations reveal that data on the
cocombustion characteristics of larger-scale CFB boilers
remain insufficient. Since the type of fuel in the boiler has
been changed, removing fuel interactions in a fluidized bed
furnace is difficult. The key elements that influence the
cocombustion characteristics and pollutant emissions in a 600
MW coal-fired boiler furnace need to be clarified. Moreover,
the exploration of cocombustion technology applied in large-
scale boilers is still limited, especially when the cocombustion
ratio ξ is greater than 0.02. In the present study, the syngas
product is first prepared through gasification of sawdust in a
bench-scale gasification producer using three kinds of gas-
ification agents, i.e., air, oxygen-enriched air, and steam. The
effects of ER and S/B on the composition and LHV of the
syngas product have been quantified. Subsequently, a
comprehensive three-dimensional (3D) CFD model has been
developed for syngas cocombustion in a 600 MW coal-fired
boiler furnace. The complex phenomena that occur in the
combustion chamber of the CFB boiler have been analyzed.
The effect of cocombustion ratio (ξ = 0.1 and ξ = 0.15) on the
combustion characteristics, gas velocity, temperature, and NO
distribution in the combustion chamber has been carefully
discussed. The aim of the present work is to supplement the
theoretical basis for the practical application of syngas
cocombustion technology.

2. MODEL AND METHOD
2.1. Experiment of Biomass Gasification. As shown in

Figure 1a, the gasification producer is a bench-scale CFB.26

The main experimental device includes the steam inlet
channel, oxygen inlet channel, air blower, gasification furnace,
catalytic reformer, tar sampling port, gas sampling port, etc. To
adapt the insufficient blast in the case of low load or oxygen

Figure 1. Schematic of the bench-scale circulating fluidized bed (CFB) gasification producer (a) and the catalytic reforming reactor (b). (1: Steam
inlet channel, 2: oxygen inlet channel, 3: air blower, 4: screw feeder, 5: biomass bin, 6: main airflow intake, 7: gasifier, 8: cyclone separator, 9: return
feeder, 10: catalytic reformer, 11: tar sampling port, 12: gas sampling port, 13: spray tower, 14: Roots blower, 15: syngas tank, 16: syngas outlet, 17:
crude gas inlet, 18: burner, 19: reformer, 20: connect the spray tower, 21: chimney.)
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enrichment, the lower part of the CFB gasification producer is
designed as an assembly unit with variable sections. The total
height of the assembly unit is approximately 10 m, with bottom
and top diameters of 0.33 and 0.55 m, respectively. The feed
port of the gasifier is approximately 3 m above the CFB
bottom. A return feeder is installed at the bottom of cyclone
separator, which sent the separated particles back into the
gasifier via the cyclone separator. The outflowing syngas from
the cyclone separator enters the catalytic reformer for further
reaction. Then, the syngas stream flows into the spray washing
tower to remove the tar and dust. Finally, the syngas product is
transported to the gas tank by the Roots blower.
Figure 1b presents a schematic diagram of the reforming

reactor, which is needed to further adjust the composition of
the syngas product. A burner provides heat for the reforming
reactor. Due to the upward crude syngas flow, the ash outlet is
set at the bottom of the reformer, while the spray tower is
linked at the top. The catalytic bed is composed of 50 stainless
steel tubes. Each tube is 1.1 m in length, with an inner
diameter of 100 mm and thickness of 3 mm. Each tube is
embedded with 10 pieces of NiO−MgO solid monolithic
catalysts.
Air, oxygen-enriched air, and steam are chosen as the

gasification agents for syngas preparation. Air is supplied by a
centrifugal blower. The oxygen-enriched air is supplied by a
pressure swing adsorption oxygen generator with an oxygen-
enriched concentration of 93%. Steam is supplied by a
saturated steam boiler. The pressure of the steam at the boiler
outlet is set as 0.7 MPa and the temperature is 180 °C. The
flow rate of the various gasification agents is measured by an
orifice plate flowmeter installed on the intake pipe. Some
biomass ash is recycled as the bed material in the gasifier, while
the rest is discharged intermittently for the sake of normal
operation of the CFB gasification producer.
Seven temperature measuring points and five pressure

measuring points have been installed in the CFB sidewall to
monitor the variations in temperature and pressure during the
gasification process. The gasification temperature is maintained
in the range of 700−900 °C, and the manometer pressure in
the gasifier is maintained between −500 and +500 Pa.
Temperature and pressure measuring points are also inlayed
at the outlet of the reforming reactor. K-type thermocouples
(model WRN-120) with a testing range of 0−1200 °C have
been inset in the temperature measuring points. The
micronegative pressure operation inside the gasifier is
maintained throughout the gasification process. Due to the
high cost of pure oxygen, oxygen-enriched air is selected for
the alternative gasification agent. The CFB gasification
producer is equipped with pure oxygen and external steam
sources to meet the needs of different oxygen enrichment
concentrations and feeding flow rates. ER and S/B are
achieved by adjusting the flow rates of these two agents.
During the experimental process, the feed rate of the feedstock
(i.e., sawdust) is set at a constant value. A gas chromatograph
is selected to analyze the H2, CH4, CO2, O2, N2, C2H2, C2H4,
and C2H6 contents in the syngas product samples.27

The biomass feedstock is abundant sawdust from the nearby
lumber mill that is dehydrated by the sun prior to use. The
comprehensive characteristics of dry sawdust have been listed
in Table 1, where the O content is obtained by differential
subtraction. The high heat value is 17.6 MJ/kg for dry sawdust.
The apparent and bulk densities are 430 and 218 kg/m3,
respectively.

2.2. Numerical Method. The object of the present
numerical study is a 600 MW four-corner tangentially fired
boiler furnace with a 90% rated load. Hence, the operating load
of the boiler in this study is equal to 544 MW. The
corresponding geometry is displayed in Figure 2a,b. The
primary and secondary air nozzles are alternately arranged at
the four corners of the boiler furnace. The boiler furnace is
configured with a π-shaped compact enclosed layout with a full
steel frame suspension structure. The utilized tangential
combustion method has the advantages of good flame
distribution, high combustion efficiency, simple operation,
and flexibility for many types of coal. The boiler furnace is
equipped with heat exchange devices, such as a wall-type
reheater, screen-type reheater, final-stage superheater, econo-
mizer, and air preheater. The dimensions of the furnace are
approximately 53.5 m in height and 13.1 m in width.
The operating conditions of the fuel inlets and air nozzles

are listed in Table 2, wherein mc refers to the mass flow rate of
pulverized coal; vpri and vsec are the inlet velocities of the
primary and secondary air streams, respectively; Tpri and Tsec
are the inlet temperatures of the primary and secondary air
streams, respectively; vgas is the inlet velocity of sawdust syngas;
and Tgas is the temperature of sawdust syngas. The elemental
and industrial analysis results of the chosen coal are listed in
Table 3. The heating value of coal is 23 MJ/kg. The average
particle diameter, dispersion coefficient, and inlet temperature
of pulverized coal are 8.60 × 10−5 m, 1.4, and 350 K,
respectively.
The mathematical model for cocombustion in the boiler

furnace can be described by the equation set comprising mass,
momentum, and energy conservation equations. Suitable
models have been selected to ensure the accuracy of the
numerical simulations, including the RNG k−ε turbulent
model, P-1 radiation model, double-mixed fractional PDF
model, and discrete phase model. Devolatilization was analyzed
using the dual competing rate model. The adopted NOx model
described the thermal and fuel NOx pathways.27,28 In the
modeling process, several appropriate simplifications were
made. For example, the water-cooled wall and screen-type heat
exchanger on the furnace roof were assumed to be thermo-
static, and the thicknesses of all sidewalls were assumed to be
zero. The Boussinesq approximation was utilized in the present
simulation. Detailed expressions of the governing equations
can be found in a previous study.27

2.3. Numerical Verification. Fluent software equipped
with the SIMPLE algorithm for the noncoupled pressure−
velocity solution was utilized. To validate the applicability and
accuracy of the numerical method, four cocombustion cases in
a four-corner tangentially fired boiler furnace had been
simulated. The numerical results showed that the temperature
and NO concentration (CNO) at the furnace outlet differed
from Yang’s numerical results by <5%,28 as displayed in Figure
3. Case 1 refers to a boiler load of 544 MW without syngas,
while Cases 2, 3, and 4 refer to boiler loads of 544, 480, and

Table 1. Industrial Analysis and Elemental Analysis of
Sawdust (Dry Base)

ultimate analysis (wt %) proximate analysis (wt %)
HHV

(MJ/kg)

C H O N S volatile
fixed
carbon ash

45.9 5.4 47.8 0.1 0 82.1 17.1 0.8 17.6

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06787
ACS Omega 2024, 9, 49387−49396

49389

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


380 MW, respectively, with ξ = 0.02. Due to the
simplifications, the simulation results deviated from the
practical operating parameters to some extent. However, the
deviation of the present simulation is within a reasonable
range, indicating that the numerical modeling adopted in the
present study has convincing accuracy and rationality.

As shown in the mesh diagram displayed in Figure 2c, a
hexahedral mapped mesh has been utilized to converge the
calculation speed and numerical accuracy. The boiler furnace is
divided into several different zones, including the cold ash
hopper, lower burner, burner, upper burner, and heat
exchanger zones. High-quality hexahedral meshes in the
burner zone are appropriately refined to reduce pseudodiffu-

Figure 2. Diagrams of the four-corner tangential furnace (a), burner arrangement (b), and hexahedral mapped mesh (c).

Table 2. Operating Conditions of Fuel Inlets and Air Nozzles for Numerical Study

parameter coal gasified by air gasified by oxygen-enriched air gasified by steam

ξ = 0.1 ξ = 0.15 ξ = 0.1 ξ = 0.15 ξ = 0.1 ξ = 0.15

mc (kg/s) 22.68 20.41 19.28 20.41 19.28 20.41 19.28
vpri (m/s) 21 21
Tpri (K) 596 596
vsec (m/s) 45 40 40 40
Tsec (K) 600 600
vgas (m/s) 19.2 28.84 11.52 17.28 11.87 17.81
Tgas (K) 596

Table 3. Elemental and Industrial Analysis of Coal

industrial analysis (wt %) heating value (MJ/kg) elemental analysis (wt %)

M A V FC C H N S O

1.81 27.42 46.67 24.1 23.014 57.07 2.39 0.92 0.88 9.51

Figure 3. Comparison of temperature T (a) and NO concentration CNO (b) at the outlet of the boiler furnace between the present simulation and
Dr. Yang’s work.28
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sion. The grid verification has been performed by adopting the
module of pure coal combustion in the 600 MW furnace. As
listed in Table 4, the calculated temperature (T) and CNO at

the furnace outlet are compared for three kinds of mesh. The
relative temperature error E(T) and relative concentration
error E(CNO) at different meshes are within 2%. The selected
number of grids is 1,767,250, which is considered to meet the
requirements of calculation time costs and accuracy in
engineering applications.

3. RESULTS AND DISCUSSION
3.1. Component Analysis of Experimentally Prepared

Syngas. In the gasification experiment, air, oxygen-enriched
air, and steam serve as the gasification agents. To balance the
cost and gasification performance, the adopted operation
conditions are set at OC = 90%, ER = 0.25, and S/B = 0.5.
LHV is indicated by Qv, which is expressed as follows

= × + × + ×

+ ×

Q 126 CO 108 H 359 CH

665 C Hm

v 2 4

2 (1)

where CO, H2, CH4, and C2Hm represent the volume fraction
of each syngas component.
As shown in Figure 4a, the combustible syngas contents are

lower when air served as the gasification agent than when
oxygen-enriched air and steam are used due to the dilution
effect of the inert gas, N2. The dilution effect in the syngas is
significant because the volume fraction of N2 is as high as
approximately 50%. When oxygen-enriched air serves as the
gasification agent, the H2 and CO contents in the syngas
significantly increase. Especially, the highest volume fraction of
CO could reach up to 40%, which is attributable to the high
reduction temperature in the gasifier and negligible dilution
effect of N2. Moreover, the addition of oxygen could effectively

improve the catalytic reaction efficiency of the catalytic
reformer. Hence, the conversion rate of tar increases, which
resulted in the generation of less tar product. When steam
serves as the gasification agent, the highest H2 content (38%)
could be obtained in the syngas product. Due to operation of
the catalytic reformer, the steam reforming process can not
only significantly improve the H2/CO ratio for crude syngas
but also improve the CH4 conversion rate. Additionally, it
should be noted that operation of the catalytic reformer
requires an external heating process, resulting in higher
operation costs.
The LHV values of the syngas product gasified by air,

oxygen-enriched air, and steam are 6.16, 10.29, and 9.99 MJ/
m3, respectively, at OC = 90%, ER = 0.25 and S/B = 0.5.
Obviously, the syngas with the highest LHV is produced by the
oxygen-enriched gasification agent. Even though steam yields a
syngas product with a relatively lower LHV, its composition,
especially its H2 content, could be effectively regulated by
adjusting the steam flow rate.8,13

Figure 4b depicts the variation trends in LHV with S/B at
ER = 0.25. Notably, maximum gasification efficiency is reached
at ER = 0.25. When S/B rose from 0.1 to 0.5, the LHV value of
the syngas monotonously decreases from 10.5 to 9.4 MJ/m3.
Although reactions between water vapor with C and CH4 are
conducive to further formation of combustible content and
increasing LHV, the water−syngas conversion reaction is the
main reaction among all reactions involving steam,29−31

causing a drop in LHV owing to the higher heating value of
CO compared to H2. At the same time, the pyrolysis reaction is
weakened when the gasifier temperature decreases at higher S/
B, decreasing the deposition rate and the LHV of the syngas
product.
3.2. Cocombustion Characteristics of Coal-Fired

Boiler Furnace. Herein, ξ is defined as the ratio of the
theoretical combustion heat of syngas to that of pulverized
coal. For example, ξ = 0 indicates that no syngas is injected
into the boiler furnace. When ξ = 0.1, the combustion heat of
the injected syngas accounts for 10% of all heat in the furnace,
and the combustion heat of the pulverized coal accounts for
90%. Although ξ varied, the total combustion heat value of
syngas and pulverized coal entering the boiler furnace remains
constant. Values of ξ = 0.1 and ξ = 0.15 were specified for the
numerical study of syngas cocombustion in the four-corner
tangential 600 MW coal-fired boiler furnace. The sawdust
syngas for the numerical study was produced by the

Table 4. Comparison of Outlet T and Concentration CNO of
the Boiler Furnace with Different Grids

items values

grid number 1,600,525 1,767,250 1,893,975
T 1120.8 1118.5 1117.6
E(T) 0.21% 0 0.08%
CNO 241.55 245.91 248.01
E(CNO) 1.77% 0 0.85%

Figure 4. Diagram of syngas component (a) for different gasification agents at ER = 0.25 and S/B = 0.5 and low heating value (b) of product
syngas varies with ER and S/B values at OC = 90%.
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gasification experiments with air, oxygen-enriched air, and
steam as the gasification agents at ER = 0.25, OC = 90%, and
S/B = 0.5.
Due to the unchanged inlet stream velocities from the

primary and second nozzles, the obtained velocity vectors or
velocity distribution of the boiler furnace are independent of ξ
values and the gasification agents. Figure 5 presents the
diagram of the cross-sectional velocity vectors at the Y-
coordinate of 13.2 m, where the first-layer primary air nozzle is
positioned. The vector pattern at ξ = 0 is almost the same as
that at ξ = 0.1, except for a small difference in velocity
magnitude. The injected primary air and syngas streams
created a well-formed tangential velocity circle. The results
indicates that the velocity field distribution in the furnace
chamber is reasonable and could meet the requirements of
high combustion efficiency. The velocity pattern in the cross
section of the 600 MW furnace was similar to that of the 300
MW furnace.27

As shown in Figure 6a, the overall velocity distributions are
axisymmetric at the cross sections and longitudinal sections of

the furnace; however, the velocity magnitude along the Y-
coordinate of the boiler furnace is not uniform. The airflow
velocity is relatively low at the furnace bottom compared to
that in other parts of the furnace. In the main combustion
zone, the velocity increases due to the effects of the primary
and secondary air streams and fuel combustion. The highest
velocity reaches approximately 48 m/s in the combustion zone.
In the top regions of the boiler furnace, the airflow decreases to

approximately 20 m/s due to obstruction of the heat
exchangers and horizontal flue. According to the distribution
of streamlines depicted in Figure 6b, the flow track exhibits a
spiral line in a clockwise orientation from the bottom to the
top of the boiler furnace. The full degree of streamlines
demonstrates the reasonable distribution of airflow in the
furnace. Additionally, the results indicate that more attention
should be paid to controlling the tangential radius of the
airflow circle to adjust the temperature field of the boiler
furnace.
Figure 7 illustrates the cross-sectional temperature distribu-

tion in the burner zone at ξ = 0.1, with furnace heights of Y =
6.3 m and Y = 11.7 m, where the first- and four-layer primary
air nozzles are located. The temperature distribution patterns
are mainly influenced by the spraying jet from the nozzles. The
temperature of the initial injection streams is relatively low
before combustion of the pulverized coal occurred, and the
temperature rose sharply as the fuel burned. In the central
furnace zone, the temperature reached to the highest value,
approximately 1850 K. As for the four-corner tangential
combustion mode, the flame is slightly attached to the sidewall.
Thus, a higher temperature might appear at a local sidewall,
causing slagging, corrosion, and other risks.
Figure 8 demonstrates the temperature distributions at the

cross sections and longitudinal sections of the boiler furnace in
the cases of pure coal combustion and cocombustion with coal
and sawdust syngas gasified by three kinds of gasification
agents. The overall temperature distributions are almost
symmetrical in the longitudinal sections of the furnace for ξ
= 0, ξ = 0.1, and ξ = 0.15. Additionally, the cross-sectional
temperature distributions are nearly independent of ξ and the
type of gasification agent. By contrast, the temperature
magnitude in the furnace was affected by ξ and the type of
gasification agent. The maximum temperature at ξ = 0 is
greater than in the other cases of syngas cocombustion, which
may be attributed to the cooling effect of the injected syngas
stream in the SOFA zone. The maximum temperature of the
whole boiler furnace at ξ = 0.15 with oxygen as the gasification
agent is approximately 1870 K, which is slightly higher than
that at ξ = 0.1. This result may have been due to the higher
heating value of sawdust syngas gasified by oxygen-enriched
gas than by air.
When sawdust syngas is injected into the boiler furnace, the

cross-sectional temperature in the SOFA zone is comparable to
that in the case of pure coal combustion. The injected syngas
in the transition zone prolonged the combustion process and

Figure 5. Diagrams of the cross-sectional velocity vector at first-layer primary air nozzles at the furnace of Y = 13.2 m.

Figure 6. Diagrams of velocity distribution at cross sections and
longitudinal sections (a) and streamline (b) in the boiler furnace at ξ
= 0.1.
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increased the heat release. As a result, the average cross-
sectional temperature is relatively higher than the case of pure
coal combustion. Notably, the flame temperature in the whole
boiler furnace is within the safe operating temperature range.
Moreover, the velocity and temperature distributions are
consistent with the results reported by Yang.32

According to the temperature distribution patterns at the
longitudinal section at Y = 6.3 m, shown in Figure 8c,d, the
flame temperature rises sharply from the cold ash hopper area
to the combustion zone. The highest furnace temperature is
observed in the burner zone, where alternate arrangement of
primary and secondary air nozzles is configured. In the

Figure 7. Temperature distribution patterns at the cross sections of the boiler furnace where the first-layer primary air nozzles at Y = 6.3 m (a) and
four-layer primary air nozzles at Y = 11.7 m (b) are located.

Figure 8. Distributions of temperature field at the cross sections and longitudinal sections of the boiler furnace for the pure coal combustion (a)
and cocombustion with coal and sawdust syngas gasified by three kinds of agents (b,c,d).

Figure 9. Patterns of total heat flux distribution (a) and radiant heat flux distribution (b) on the furnace sidewall at the burner zone for syngas
cocombustion at ξ = 0.1.
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transition zone, the temperature continues to rise owing to the
intense mixing of flame and pulverized coal. In the SOFA zone,
the temperature decreases due to the lower combustion
intensity and injection of a cold syngas stream. Subsequently,
the temperature is further reduced in the top furnace as the
flame gas exchanges heat with the water-cooled walls and
superheater unit. On the whole, the temperature distributions
and combustion temperature in the boiler furnace are
reasonable for practical applications.
Figure 9a depicts the total heat flux distribution in the

burner zone. The heat flux distribution on the sidewall of the
furnace is uneven. The temperature at the local wall could be
relatively high, increasing the risk of slag formation. As shown
in Figure 9b, the distribution of radiant heat flux is consistent
with that of total heat flux. Further calculations revealed that
radiant heat flux accounts for >88% of the total heat flux.
These results indicated that the main heat transfer mode in the
furnace is the high-temperature radiant heat transfer mode.
Therefore, the control of heat flux distribution on the furnace
wall should be considered from the perspective of radiant heat
transfer.
Figures 10 and 11 illustrate the variations in T and CNO with

the height (H) of the boiler furnace at ξ = 0.1 and ξ = 0.15,

respectively. The temperature of the boiler furnace initially
increases and then decreases in the upward direction in both
cases. A transition region between the pulverized coal and
syngas nozzles is present where no fuel injection occurred.
Hence, two temperature peaks appear at the burner and SOFA
zones. Figures 10 and 11 also demonstrate that cocombustion
with syngas in the coal-fired furnace reduces the temperature
extremum in the combustion zone, which might be ascribed to
the reduced flow rate of coal injection and dilution effect of the
injected syngas stream. Due to the constant value of the total
combustion heat in the boiler furnace, the flow rate of
pulverized coal is inversely proportional to the syngas flux. Not
only the heating value of syngas is much lower than that of
coal, but also the large amount of inert gas content (such as N2
and CO2) has been contained in syngas absorbed a certain
amount of heat. Therefore, the furnace temperature extremum
is reduced during syngas cocombustion.
Syngas combustion releases heat in the SOFA zone in the

furnace, which results in higher temperatures in the SOFA
zone at ξ = 0.1 and ξ = 0.15 than at ξ = 0, as displayed in
Figures 10 and 11. Moreover, the temperature at the furnace
outlet might have been influenced by syngas combustion in the
SOFA zone. Compared to the case of syngas cocombustion,
the outlet temperature in the ξ = 0 case is slightly greater. For
the case of cocombustion with sawdust syngas gasified by
oxygen and steam at ξ = 0.1, the temperature at the furnace
outlet is higher than that in the pure coal combustion case. The
lowest outlet temperature occurred in the case of cocombus-
tion with sawdust syngas gasified by air, which is attributed to
its low LHV. Similar to the case of ξ = 0.15, the outlet
temperature seems to be independent of the gasification agent.
Figures 10 and 11 demonstrate two climbs and one fall in

the variation of CNO with H. The outlet CNO of the boiler
furnace in the cocombustion case is less than that in the pure
coal combustion case. Moreover, the outlet CNO at ξ = 0.1 is
slightly less than that at ξ = 0.15. The reduction in outlet CNO
between the cases at ξ = 0.1 and ξ = 0 is approximately 25 mg/
m3, which is caused by two factors. First, the total amount of
pulverized coal consumed is reduced in the cocombustion case.
Accordingly, the quantities of nitrogenous compounds such as
N2, NO, NO2, and N2O generated from coal combustion were
decreased. Second, the injected syngas stream contributes a
large part of the CO, H2, CH4, and CO2 contents, which are
difficult to convert into NOx.

32−34 Therefore, NO emissions
have been pronouncedly decreased in the case of syngas
cocombustion. Compared to the cocombustion case of the 300
MW furnace,28 the case of the 600 MW furnace generated a
greater amount of NO emissions, with a difference of
approximately 100 mg/m3.

4. CONCLUSION
Amplification experiment of biomass gasification and 3D
numerical simulations have been performed to investigate
cocombustion technology in a coal-fired boiler furnace.
Sawdust acts as the feedstock in a bench-scale CFB gasification
producer gasified by air, oxygen-enriched air, and steam, which
greatly influenced the components and heating value of the
syngas product. Subsequently, the effects of different kinds of
syngas product on the cocombustion characteristics have been
investigated via 3D numerical simulations. The conclusions of
the study are listed as follows.

Figure 10. Variations of temperature T (solid symbols) and NO
concentration CNO (hollow symbols) along with the furnace height H
for the case of pure coal combustion and the case of cocombustion
with sawdust syngas at ξ = 0.1 with different gasification agents.

Figure 11. Variations of temperature T (solid symbols) and NO
concentration CNO (hollow symbols) along with the furnace height H
for the case of pure coal combustion and the case of cocombustion
with sawdust syngas at ξ = 0.15 with different gasification agents.
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(1) When the gasification agent is oxygen-enriched air or
steam, the H2 and CO contents and LHV of the syngas
product are substantially higher than when air was the
gasification agent. Oxygen-enriched air as the gas-
ification agent greatly increase the CO content of the
syngas product, while steam as the agent greatly increase
the H2 content. The highest heating value of the syngas
reaches 12.3 MJ/m3 when ER and S/B are adjusted in
the ranges of 0.21−0.31 and 0.1−0.5, respectively.

(2) The numerical velocity field demonstrates a well-formed
tangential velocity circle in the cross sections and full
degree of streamlines in the boiler furnace. Syngas
cocombustion technology is shown to reduce the
temperature extremum of the boiler furnace while
raising the temperatures in the SOFA zone and furnace
outlet. The proportion of radiant heat flux is >88% of the
total heat flux in the boiler furnace.

(3) The outlet CNO of the boiler furnace in the case of
syngas cocombustion is less than that of pure coal
combustion. The reductions in outlet CNO are
approximately 25 and 40 mg/m3 at the high
cocombustion ratios of ξ = 0.1 and ξ = 0.15,
respectively.
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■ NOMENCLATURE
A ash content (wt %)
CNO mass fraction of NO (wt %)
CFB circulating fluidized bed
E(T) relative error of temperature
E(CNO) relative error of CNO
ER equivalent ratio
FC fixed carbon content (wt %)
LHV low heating value (MJ/kg)
M moisture content (wt %)
OC oxygen concentration (%)
Qv heating value of syngas (MJ/kg)
S/B steam/biomass ratio
T temperature (K)
v velocity at fuel inlets or air nozzles (m/s)
V volatile content (wt %)
Y Y-coordinate of the boiler furnace (m)
ξ cocombustion ratio
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pri primary secondary air streams
sec secondary air streams
gas sawdust syngas
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