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Abstract: Two 75 t/h medium-temperature separated circulating fluidized bed boilers burning Fujian
anthracite were upgraded with low NOx combustion (LNC). By reducing the effective cross-sectional
area of the air distributor (from 13.43 m2 to 11.38 m2), improving the secondary air rate (from 40%
to 45%), adjusting the secondary air supply method (adding a layer of upper secondary air, raising
the height of the lower secondary air nozzle (0.4 m), and increasing the secondary air speed (from
48 m/s to 54 m/s), the reform of low nitrogen combustion was carried out. The transformation
achieved remarkable results, i.e., the original NOx emission concentration can be controlled between
140–160 mg/m3 after the transformation, and the lowest value is below 120 mg/m3.

Keywords: CFB boiler; denitration transformation; low NOx combustion; Fujian anthracite

1. Introduction

As people pay more and more attention to environmental protection, the emission
standards for NOx and other air pollutants are becoming increasingly stringent. Circulating
Fluidized Bed (CFB) boilers, developed in the 1970s [1–5], have the advantages of higher
combustion efficiency, lower pollutant emissions (the NOx emission levels generally range
from 150 to 300 mg·m−3), wider fuel adaptability, and larger operating load range and are
therefore widely used in many fields [6–9].

At present, the total NOx emission and the maximum allowable emission concen-
tration have clear requirements at home and abroad. “Standards of performance for
electric utility steam generating units” [10] issued by the US Environmental Protection
Agency (EPA) in 2015 specifies the NOx emission limit of 135 mg/m3. In 2002, the Euro-
pean Union revised and issued “On the limitations of certain pollutants into the air from
large combustion plants, directive 2001/80/EC of the European parliament and of coun-
cil” [11], which reduced the NOx emission limit of units over 500 MW from 650 mg/m3

to 200 mg/m3. According to the “Emission standards for air pollutants from thermal
power plants” (GB 13223-2011) implemented on 1 January 2012 [12], it is specified that
according to the different combustion modes, location and operational time, coal-fired
boilers are required to have NOx (standard, dry base, baseline oxygen content of 6%, the
same as below) emission limits of 200 mg/m3 (W-shaped flame furnace boiler, CFB boiler,
etc.) and 100 mg/m3 (newly built boiler, key areas). The ultra-net emission co-proposed
by the National Development and Reform Commission, the Ministry of Environmental
Protection, and the National Energy Administration requires that NOx emission concen-
tration should not be higher than 50 mg/m3 [13]. Fujian Province has demanded that
all coal-fired power boilers with transformation conditions have a NOx emission limit
of 50 mg·m−3 (Minhuanfa [2016] No. 6) [14], and new coal-fired power generation units
must achieve ultra-low emission levels. The NOx emission concentration of the current
medium-temperature separated CFB boilers burning Fujian anthracite coal can meet the
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NOx emission limit of GB 13223-2011 for the existing CFB boilers at 200 mg·m−3; however,
they cannot meet the requirements of the NOx emission limit of 50 mg·m−3 in Fujian
Province, so denitrification transformation is an imperative.

In this paper, the Low NOx Combustion (LNC) technology [15–17] is adopted. Starting
from the source of NOx generation, it aims to provide an industrial application reference
for the NOx compliance transformation of CFB boilers burning Fujian anthracite coal.

2. Experiment Conditions

The experiment was conducted on a DG75/3.82-11 CFB boiler of China Fujian Shishi
Thermoelectric Co., Ltd., which has a depth of 5.905 m, a width of 4.645 m, and a height of
32.34 m, as shown in Figure 1.
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Figure 1. Structural schematic diagram of CFB boiler burning Fujian anthracite. Unit: mm.

The boiler adopted staged combustion technology, in which the combustion air in-
cluded the primary air, the secondary air, and the coal seeding air. The hot primary air
was divided into a left stream and a right one, and entered the dense phase area of the
combustion chamber from the isobaric water-cooled air chamber at the bottom of the
furnace through the air cowl. The secondary air was divided into a lower layer with the
nozzle center elevation of 7.14 m and an upper layer with the nozzle center elevation of
10.80 m, and was injected into the furnace chamber through 32 nozzles arranged on the
front and rear walls. The coal seeding air was from the hot primary air and pressurized
by the booster fan, and entered the furnace chamber through the coal chute with a center
elevation of 6.53 m. The size of the air distributor was 2501 mm × 5905 mm. There were
six temperature sensors installed on the chamber, with elevations of 4850 mm, 6060 mm,
11,100 mm, 14,400 mm, 19,000 mm and 30,280 mm, respectively, to measure the temperature
distribution in the furnace chamber. An additional temperature sensor was mounted on
the rear flue.

The design and operation parameters of the boiler are shown in Table 1. The proximate
and ultimate analysis of the experimental coals is shown in Table 2.

Data including temperature, pressure, and air flow were collected on the distributed
control system (DCS), and the arithmetic mean values were used. There was a YDZX-01
flue gas monitoring device at the outlet of the dust collector with a precision of 2%; the UV
differential spectrometric method was used to measure the composition and concentration
of the flue gas emissions.
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Table 1. Design and operating parameters of the boiler.

Items Value Items Value

Rated evaporation/(t·h−1) 75 Temperature at 4850 mm/◦C 950–980
Superheated steam pressure /(MPa) 3.82 Temperature at 6060 mm/◦C 930–990
Superheated steam temperature/◦C 450 Temperature at 11,100 mm/◦C 900–1000

Feed-water temperature/◦C 150 Temperature at 14,400 mm/◦C 850–1020
Cold air temperature/◦C 20 Temperature at 19,000 mm/◦C 850–1050
Exhaust temperature/◦C 120–150 Temperature at 30,280 mm/◦C 520–580

Table 2. Ultimate analysis and proximate analysis of the experimental coals.

Proximate Analysis (%) Ultimate Analysis (%)

Mt Aar Vdaf FCar Qar.net
/(MJ·kg−1) Car Har Oar Nar Sar

Design coal 12.73 15.35 3.69 68.23 22.39 68.86 0.30 1.64 0.22 0.90
Experimental coal (I) 9.0 30.0 3.8 57.2 20.68 57.41 1.16 1.02 0.56 0.85
Experimental coal (II) 8.60 21.93 2.37 67.1 24.27 65.03 0.95 1.50 1.21 0.78

Note: Mt is the total moisture of raw coal sample, %; Aar is the base ash received from coal, %; Vdaf is coal dry
ash free volatile matter, %; FCar is coal receipt-based fixed carbon, %; Qar.net is received base low calorific value,
MJ/kg; Car is the carbon content of coal received base, %; Har is the hydrogen content of coal received base, %;
Oar is coal received base oxygen content, %; Nar is the nitrogen content of coal received base, %; Sar is the sulfur
content of coal base, %.

3. LNC Transformation and Results
3.1. Reducing the Effective Cross-Sectional Area of Air Distributor

On the basis of ensuring good fluidization of the bed material, the effective cross-
sectional area of air distributor was reduced from 13.43 m2 to 11.38 m2, a 15.26% reduction,
by increasing the thickness of wear-resistant castable of the water-cooled wall in the dense
phase zone. At the same time, the secondary air rate β was increased from 40% to 45%.
According to the Chinese standard PCTC (Performance check up test code for flue gas
denitrification equipment of coal-fired power plants) [18], experimental coal (I) was selected
for the thermal test. During the experiment, the limestone-gypsum wet desulfurization
WFGD (wet flue gas desulfurization) system was put into normal operation. In order to
make the test results more comparable, the boiler load, coal feed, and other key parameters
were kept stable.

3.1.1. Effect of the Excess Air Coefficient on NOx Emission

Figure 2 shows the effect of the excess air coefficient, λ, on NOx emission for the
secondary air rate, β, of 45%, and the boiler loads of 75 t/h and 64 t/h.
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Figure 2 shows that the NOx emission concentration, CNOx, rises significantly in the
initial period and then increases much more slowly with the increase of λ. Hence, an
open downward parabolic trend is presented in Figure 2. In addition, the NOx emission
concentration CNOx at 75 t/h load condition is higher than that of 64 t/h and grows faster.

When λ is increased, the O2 concentration, CO2, also increases, which enhances the
anthracite combustion intensity, accelerates the NOx generation rate, and increases the
NOx emission concentration, CNOx. In addition, the NOx emission concentration, CNOx,
also increases with the increasing boiler load and volumetric thermal load of the furnace
chamber, which is consistent with the experimental results of the higher CNOx at 75 t/h [19].

3.1.2. Effect of the Secondary Air Rate on NOx Emission Concentration

Figure 3 shows the effect of the secondary air rate, β, on the NOx emission concen-
tration, CNOx, in the combustion flue gas when λ is 1.2, and the boiler loads are 75 t/h
and 64 t/h.
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As seen in Figure 3, when β < 35%, the NOx emission concentration, CNOx, decreases
rapidly with the increase of β; when β varies in the range of 35% to 55%, CNOx remains
basically stable; when β > 55%, CNOx increases slightly with the increase of β. This indicates
that when the excess air coefficient, λ, remains constant, there exists an optimal value for
the secondary air rate, β, in the range of approximately 40% to 55%, which can lead to the
minimum CNOx.

β plays a dual role in the NOx generation. With the increase of β, the primary air rate
decreases, the oxygen in the dense phase area is deficient, and the reduction combustion
produces a large amount of incomplete combustion products such as NH3, CO, HCN,
H2, and coke particles, which suppresses the NOx generation. On the contrary, the O2
concentration above the secondary air area increases, the afterburning intensity of the Fujian
anthracite combustion is enhanced, and the NOx emission concentration, CNOx, increases.

3.1.3. Effect of the Upper Secondary Air Rate on NOx Emission Concentration

Figure 4 illustrates the effect of the upper secondary air rate, kup, i.e., the ratio of the
upper secondary air flow rate to the total secondary air flow rate, on the NOx emission
concentration, CNOx, in the combustion flue gas when λ is 1.2, β is 45%, and the boiler
loads are 75 t/h and 64 t/h.

As shown in Figure 4, with the increase of kup, the NOX concentration in the flue gas
changes in an open upward parabolic trend, i.e., CNOx first decreases (kup ≤ 45%) and then
increases (kup > 55%). There exists an optimal value of the upper secondary air rate, kup,
which results in the lowest value of the NOX emission concentration, CNOx, in the flue gas.
As can be seen from Figure 4, this optimum value is between 45% and 55%.



Energies 2023, 16, 2535 5 of 12

Energies 2022, 15, x FOR PEER REVIEW 5 of 13 
 

 

produces a large amount of incomplete combustion products such as NH3, CO, HCN, H2, 
and coke particles, which suppresses the NOx generation. On the contrary, the O2 concen-
tration above the secondary air area increases, the afterburning intensity of the Fujian an-
thracite combustion is enhanced, and the NOx emission concentration, CNOx, increases. 

3.1.3. Effect of the Upper Secondary Air Rate on NOx Emission Concentration 
Figure 4 illustrates the effect of the upper secondary air rate, kup, i.e., the ratio of the 

upper secondary air flow rate to the total secondary air flow rate, on the NOx emission 
concentration, CNOx, in the combustion flue gas when λ is 1.2, β is 45%, and the boiler loads 
are 75 t/h and 64 t/h. 

 
Figure 4. Effect of kup on CNOx. 

As shown in Figure 4, with the increase of kup, the NOX concentration in the flue gas 
changes in an open upward parabolic trend, i.e., CNOx first decreases (kup ≤ 45%) and then 
increases (kup > 55%). There exists an optimal value of the upper secondary air rate, kup, 
which results in the lowest value of the NOX emission concentration, CNOx, in the flue gas. 
As can be seen from Figure 4, this optimum value is between 45% and 55%. 

The upper secondary air rate, kup, plays a dual role in the NOx generation. 
On one hand, with the increase of kup, the lower secondary air flow decreases, and 

the fluidization speed in the area between the upper secondary air and the lower second-
ary air decreases. Therefore, the residence time of coal particles is prolonged, the reducing 
atmosphere in the dense phase area is improved, and the generation and emission of NOx 
are reduced. On the other hand, as kup increases, a large amount of oxygen is supple-
mented into the furnace chamber through the upper secondary air outlet, which will en-
hance the combustion intensity of the coal particles, strengthen the afterburning of the 
Fujian anthracite coal, and increase the flue gas temperature at the furnace exit, which will 
increase the generation of NOx in the combustion flue gas. 

3.1.4. Effect of β and kup on the Mechanical Incomplete Combustion Heat Loss and CO 
Emission Concentration 

Figures 5 and 6 show the effects of the varying secondary air rate, β, and upper sec-
ondary air rate, kup, on the boiler mechanical incomplete combustion heat loss, q4, and CO 
emission concentration, CCO, when the excess air factor, λ, is 1.2 and the boiler load is 75 
t/h. 

Figure 4. Effect of kup on CNOx.

The upper secondary air rate, kup, plays a dual role in the NOx generation.
On one hand, with the increase of kup, the lower secondary air flow decreases, and the

fluidization speed in the area between the upper secondary air and the lower secondary
air decreases. Therefore, the residence time of coal particles is prolonged, the reducing
atmosphere in the dense phase area is improved, and the generation and emission of
NOx are reduced. On the other hand, as kup increases, a large amount of oxygen is
supplemented into the furnace chamber through the upper secondary air outlet, which will
enhance the combustion intensity of the coal particles, strengthen the afterburning of the
Fujian anthracite coal, and increase the flue gas temperature at the furnace exit, which will
increase the generation of NOx in the combustion flue gas.

3.1.4. Effect of β and kup on the Mechanical Incomplete Combustion Heat Loss and CO
Emission Concentration

Figures 5 and 6 show the effects of the varying secondary air rate, β, and upper
secondary air rate, kup, on the boiler mechanical incomplete combustion heat loss, q4, and
CO emission concentration, CCO, when the excess air factor, λ, is 1.2 and the boiler load
is 75 t/h.

q4 is incomplete mechanical loss, including incomplete combustion loss of flight
machinery and incomplete combustion loss of slag machinery. Fly ash sampling in the
test was carried out in the boiler horizontal flue in front of the electrostatic precipitator,
and was extracted by the 3012H soot tester developed by Qingdao Laoshan Institute of
Applied Technology. Each extraction time was 5 min. The slag was sampled manually at
the slag discharge port of the boiler every 1 h, with about 5 kg slag comprising the sample.
According to the provisions of GB/T 212-2008 “Method for Industrial Analysis of Coal”
and GB/T 176-2017 “Method for Chemical Analysis of cement”, the difference between
the combustion loss of fly ash (or slag) and its general volatiles (Mad+Vad) is the carbon
content of fly ash (or slag) with particle size Cfh (Clz). Thus, the electrostatic precipitator
was used to undertake the dry ash under the ash bucket of the tank truck. The quality of
the heavy truck and the empty truck was measured by the SCS-50 automobile scale with
the precision grade of III, produced by Xuzhou Ramqi Technology Company. The quality
difference was the quality of the fly ash. Similarly, the TCS-520F-300 electronic platform
scale with 1/3000 precision developed by Shanghai Taiheng Instrument , Shanghai, China.
Co., Ltd. was used to measure the quality of slag. In summary, the ash and slag ratio can
be calculated. q4 can be calculated by the following formula.

q4 =
32866 ∗ Aar%

Qr

(
alz ∗

Clz
100 − Clz

+ afh ∗ Cfh
100 − Cfh

)
(1)
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From Figures 5 and 6, it can be seen that the CO emission concentration, CCO, decreases
sharply with the increase of the secondary wind rate, β, and upper secondary wind rate,
kup, and then decreases slowly to a stable value. The mechanical incomplete combustion
heat loss, q4, shows an open upward parabolic with the increase of secondary wind rate,
β, and upper secondary wind rate, kup, and there exists an optimal β and kup, making q4
minimum. As seen in Figures 5 and 6, the values of the optimal β and kup are in the range
of 45% to 55%.
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3.2. Secondary Air System Transformation

The transformation scheme was as follows. Firstly, the height of the lower secondary
air nozzle was raised by 0.5 m. Then, the middle secondary air was added at 12.65 m
elevation of front and rear water-cooled walls. In other words, a layer of secondary air
nozzle was added, and a middle second air nozzle was connected with the primary air pipe.
(i.e., a pipe was introduced from the hot primary air duct and linked to the master pipe of
the upper secondary air duct). The designed air speed of the middle secondary air nozzle
was increased from 48 m/s to 54 m/s, and the air box and main duct (Φ600 mm × 5 mm)
were lowered from the original elevation of 12.54 m to 12.04 m. The following tests were
conducted using experimental coal type (II).
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3.2.1. Effect of the Secondary Air Rate on NOx Emission Concentration

Figure 7 shows the effect of the variation the secondary air rate, β, on the NOx emission
concentration, CNOx, in the case of keeping the primary air flow, 79 km3/h, and the upper
secondary air flow, 26.3 km3/h, constant.
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of the secondary wind rate β, CNOx shows a rapid decline and then decreases slowly.
When β is larger than 55%, CNOx increases with the increase of β. After the denitrification
transformation, the optimum value of β was shifted from 40% to 50% (Figure 3) before the
retrofit to 50% to 60% (Figure 7). It was shown that the increase of the secondary air rate
could effectively inhibit the fuel-based NOx conversion and NOx generation, thus reducing
the NOx emission concentration [20].

3.2.2. Effect of the Middle Secondary Air Rate on NOx Emission Concentration

Figure 8 shows the effect of the change in the middle secondary air rate, km, on the
NOx emission concentration, CNOx, when the air excess factor, λ, is 1.2 and the secondary
air rate, β, is 50%, in the case of keeping the primary air flow, 79 km3/h, and the upper
secondary air flow, 26.3 km3/h, constant.

Energies 2022, 15, x FOR PEER REVIEW 9 of 13 
 

 

 

Figure 8. Influence of km on CNOx. Notes: m
middle secondary air flowk upper secondary air flow

middle secondary air flow
 lower secondary air flow

=
 
 + 
 
 +

. 

From Figure 8, it can be seen that NOx emission concentration, CNOx, decreases and 
then increases with the increase of the middle secondary air rate, km, and overall shows 
an open upward parabolic. The minimum value of CNOx occurs when km is between 45% 
and 55%. 

With the increase of km, the lower secondary air flow decreases, the fluidization ve-
locity in the area below the middle secondary air becomes smaller, and the reducing at-
mosphere in this area is enhanced, which prolongs the residence time of coal particles in 
the reducing atmosphere and reduces the amount of NOx generation and emission. 

On the other hand, the O2 concentration in the furnace chamber increases with the 
increase of km, which enhances the afterburning combustion intensity of the Fujian an-
thracite [21], raises the smoke temperature at the outlet, increases the combustion of coke 
N and volatile fraction N in the Fujian anthracite, and adds to the NOx emissions. There-
fore, km plays a dual role in the NOx emission. 

3.2.3. Effect of the Upper Secondary Air Rate on NOx Emission Concentration 
Figure 9 shows the effect of the variation of the upper secondary air rate, kup, on the 

NOx emission concentration, CNOx, in the flue gas, when the air excess coefficient, λ, is 1.2 
and the primary air flow, 79 km3/h, is essentially constant. 

 

Figure 8. Influence of km on CNOx. Notes: km =
middle sec ondary air flow

upper sec ondary air flow
+middle sec ondary air flow
+ lower sec ondary air flow


.

.
From Figure 8, it can be seen that NOx emission concentration, CNOx, decreases and

then increases with the increase of the middle secondary air rate, km, and overall shows
an open upward parabolic. The minimum value of CNOx occurs when km is between 45%
and 55%.

With the increase of km, the lower secondary air flow decreases, the fluidization
velocity in the area below the middle secondary air becomes smaller, and the reducing
atmosphere in this area is enhanced, which prolongs the residence time of coal particles in
the reducing atmosphere and reduces the amount of NOx generation and emission.

On the other hand, the O2 concentration in the furnace chamber increases with the
increase of km, which enhances the afterburning combustion intensity of the Fujian an-
thracite [21], raises the smoke temperature at the outlet, increases the combustion of coke N
and volatile fraction N in the Fujian anthracite, and adds to the NOx emissions. Therefore,
km plays a dual role in the NOx emission.

3.2.3. Effect of the Upper Secondary Air Rate on NOx Emission Concentration

Figure 9 shows the effect of the variation of the upper secondary air rate, kup, on the
NOx emission concentration, CNOx, in the flue gas, when the air excess coefficient, λ, is 1.2
and the primary air flow, 79 km3/h, is essentially constant.
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From Figure 9, with the increase of the upper secondary air rate, kup, the NOx emis-
sion concentration, CNOx, in flue gas appears to decrease (kup ≤ 10%) and then increase
(kup > 15%). With the increase of kup, the penetration range of the upper secondary air
increases, the material is stirred and mixed more uniformly, the heat transfer intensity in
the center area of the furnace chamber increases, and the effect of graded combustion is
obvious, which effectively suppresses the NOx generation. However, when kup is more
than 15%, with the continuous increase of kup, the introduction of a large amount of upper
secondary air leads to the increase of O2 concentration, which enhances the afterburning of
the Fujian anthracite particles and increases NOx generation in the flue gas.

3.2.4. Effect of the Secondary Air Rate, the Middle Secondary Air Rate, and the Upper
Secondary Air Rate on the Mechanical Incomplete Combustion Heat Loss

Figures 10–12 show the effect of β, km, and kup on the mechanical incomplete combus-
tion heat loss, q4, when the air excess factor, λ, is 1.2.
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From Figures 10–12, when the λ remains constant, the three curves of q4 vary with the
adjustment of secondary air rate, β, middle secondary air rate, km, and upper secondary air
rate, kup, and hence all appear as open upward parabolas. Therefore, there must exist an
optimal β, km, and kup that minimizes the mechanical incomplete combustion heat loss, q4.
From Figures 10 and 11, the optimal values of β and km are between 45% and 55%. From
Figure 12, the optimal values of kup are between 10% and 15%.

4. Conclusions

In this paper, a denitrification transformation experiment was conducted on a 75/t
CFB boiler burning Fujian anthracite using the NOx combustion technology (LNC). The
conclusions are summarized as follows.

(1) NOx emission is reduced from about 220 mg/m3 to about 180 mg/m3 by reducing
the cross-sectional area of the air distributor by 15.26% and increasing the secondary
air rate to 45%.

(2) On the basis of reducing the effective cross-sectional area of the air distributor, NOx
emission concentration is reduced from about 180 mg/m3 to about 140 mg/m3, with
the lowest value of the NOx emission concentration below 120 mg/m3, and the
mechanical incomplete combustion heat loss is also reduced by 1.0–1.5%, which
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results from adding a layer of the upper secondary air, raising the height of the lower
secondary air nozzles by 0.5 m, and increasing the lower and middle secondary air
speeds to 54 m/s. The economics of the boiler have been effectively improved.

(3) For a 75 t/h medium temperature cyclone CFB boiler burning Fujian anthracite, the
optimum range of the secondary air rate β is 50% to 60% at an excess air factor of 1.2.
Under the same circumstances, the optimum middle secondary air rate is 45% to 55%,
and the optimum upper secondary air rate is 10% to 15%.
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analysis, W.Z.; investigation, H.Z.; re-sources, H.H.; data curation, W.Z.; writing—original draft
preparation, W.Z.; writing—review and editing, H.H. and H.Z.; supervision, H.H.; project adminis-
tration, H.H.; funding acquisition, H.H. All authors have read and agreed to the published version of
the manuscript.
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Abbreviations

Symbol Meaning
CFB circulating fluidized bed
LNC low NOx combustion
Mt total moisture of raw coal sample, %
Aar base ash received from coal, %
Vdaf coal dry ash free volatile matter, %
FCar coal receipt-based fixed carbon, %
Qar.net received base low calorific value, MJ/kg
Car carbon content of coal received base, %
Har hydrogen content of coal received base, %
Oar coal received base oxygen content, %
Nar nitrogen content of coal received base, %
Sar sulfur content of coal base, %
β secondary air rate, %
λ excess air coefficient
km middle secondary air rate, %
CNOx NOx emission concentration, mg/Nm3

CCO CO emission concentration, mg/Nm3

kup upper secondary air rate, %
q4 mechanical incomplete combustion heat loss, %
Qr heat input per kg of fuel, kJ/kg
Clz combustible in ash residue of cold ash hopper, %
Cfh combustible in fly ash, %
alz mass share of ash content in ash of cold ash hopper in total ash content, %
afh mass share of ash content in total ash content of fly ash, %
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