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ABSTRACT: A reduced mechanism simpliﬁed from a detailed chemical kinetics mechanism containing N/H/O/K/Na
elements was developed and validated in this paper. When the reduced mechanism was integrated into computational ﬂuid
dynamics (CFD) software, the eﬀect of potassium and sodium additives on the selective non-catalytic reduction (SNCR) thermal
DeNOx process was simulated. The simulation results were compared to those of experiments under diﬀerent oxygen
concentrations, normalized stoichiometric ratios (NSRs) of the N agent/NO, and alkali metal additive concentrations within the
temperature range from 1023 to 1523 K, and the simulation results coincided qualitatively with those of the experiment in an
entrained ﬂow reactor. The alkali metal additives did not change the eﬀects of the oxygen concentration and NSR on the SNCR
process: a conversion temperature point exists at about 1173−1223 K; below the conversion temperature point, a higher oxygen
concentration can promote the eﬀect of SNCR, while above the conversion temperature point, the eﬃciency will be reduced; and
a higher NSR is beneﬁcial for NO reduction, but its eﬀect becomes less obvious with the increase of the reducing agent. The
alkali metal additives extend the “temperature window” toward a lower temperature by about 50−100 K with more OH and NH2
radical production, and the eﬀect of K additives is less obvious than that of Na. However, the promoting eﬀect of the K additive
cannot be well-simulated because of the lack of a suitable mechanism. A K chemistry mechanism should be optimized on the
basis of its eﬀect on the SNCR process. The K or Na concentration almost has no inﬂuence on the eﬀect of alkali metal additives
on the thermal DeNOx process when the K or Na concentration is beyond a certain value.

1. INTRODUCTION
Nitrogen oxide (NOx) produced during the combustion process
has serious negative eﬀects on the environment. As one of the
main sources of NOx, the thermal power generation process pays
more attention to the technology of nitrogen removal because of
the increasingly stringent emission standards for pollutants.
Some technologies have been developed to reduce NOx emissions, which can be divided into two main categories:
combustion control (including air staging, fuel staging, and ﬂue
gas recirculation) and ﬂue gas treatment [including selective
catalytic reduction (SCR), selective non-catalytic reduction
(SNCR), non-selective catalytic reduction (NSCR), pulsed
corona discharge, and electron beam ﬂue gas treatment].1
SNCR is an economic and eﬀective ﬂue gas post-processing
technology for nitrogen removal,2 through which the nitrogenreducing agent is injected into the NOx-containing ﬂue gas at a
convenient temperature (about 1250 K) and reduces NOx
without a catalyst. The eﬃciency of SNCR in laboratory and
power station can reach about 80−90 and 40−70%, respectively.3 According to the diﬀerent nitrogen-reducing agents, the
SNCR process can be divided into three categories: the thermal
DeNOx process (NH3 as a reducing agent), the NOxOUT process [(NH2)2CO as a reducing agent], and the RAPRENOx
process [(HOCN)3 as a reducing agent].4
However, it is hard to gain the best nitrogen removal eﬃciency
with pure application of SNCR because of the narrow “temperature window”: when the temperature is low (lower than
1073 K), the nitrogen-reducing agent is not completely
converted to N2 and “ammonia slip” is easy to occur; when the
temperature is high (higher than 1323 K), some of the reducing
agent will be oxidized to NOx. Some researchers are trying to gain
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a wider temperature window and higher nitrogen removal
eﬃciency with various additives. Gas additives, such as CO, H2,
CH4 or even complicated organic compounds, such as amines
and alcohols, have been studied, and the results show that the
optimal reaction temperature can be decreased by about 100 K or
more and lower NH3 slip can be obtained.5−8 However, some
researchers pointed out that the gas additives might increase the
emission of harmful gas, such as CO and N2O, and NOx
reduction eﬃciency was also impaired.7,8 Trace quantities of
sodium salts can also extend the temperature window toward
lower temperatures and will not cause the increase of the
emission of harmful gas, which attract the attention of some
researchers. Zamansky et al.4 found that adding small amounts of
sodium salts signiﬁcantly improved the performance of the
SNCR process through experiment and established a Na−O−
H−N detailed mechanism combined with the research by Perry
and Miller.9 Lee et al.10 pointed out that the eﬃciency of reduction of NO increased with all sodium additives but descended in
the order NaOH, Na2CO3, NaNO3, HCOONa, and CH3COONa.
Yang et al.11 obtained the conclusions that the eﬀect of diﬀerent
Na2CO3 concentration additives was nearly the same and sodium
enhanced the OH radical concentration mainly through the
following reactions: NaO + H2O = NaOH + OH, NaOH + O2 =
NaO2 + OH, and NaOH + M = Na + M + OH, on the basis of the
urea-SNCR process. Niu et al.3 studied the NOxOUT process and
found that the eﬃciency improved obviously when the NaOH
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additive increased from 10 to 20 ppm but further increasing the
additive concentration made little sense.
Some important conclusions have been obtained through
previous studies. However, most of them focus on the inﬂuence
of sodium additive, and the results are obtained from experiments or some ideal reactor models, such as perfectly stirred
reactor (PSR) and plug ﬂow reactor (PFR). With the shortage of
traditional fossil fuel in the immediate future, biomass has been
increasingly widely used as the main or reburning fuel because of
its advantages, such as low nitrogen content, high volatile
content, carbon-neutral fuel, wide source, and little investment in
technological improvement on the existing boiler. Besides sodium,
potassium is also an alkali metal element rich in biomass. While
combusting, biomass will release tens of parts per million concentration of potassium species into the ﬂue gas, which has attracted
almost no attention and research on its eﬀect on SNCR.
Therefore, the aim of the present work is to develop a chemical
reaction model, research the eﬀect of potassium species on the
nitrogen removal process by numerical simulation and experiment, and ﬁgure out the similarity and diﬀerence between
potassium and sodium on nitrogen removal eﬃciency. With the
development of a reduced mechanism containing K/Na elements from a detailed one using a self-written and two opensource programs and integration of it into computational ﬂuid
dynamics (CFD) software, the eﬀect of potassium and sodium
additives on the SNCR process is studied and compared to experimental results under diﬀerent oxygen concentrations, normalized
stoichiometric ratios (NSRs) of the N agent/NO, and alkali metal
additive concentrations within the temperature range from 1023 to
1523 K. Because both of the SNCR processes for the thermal
DeNOx and NOxOUT reduce NOx through NH3 obtained by
direct injection or indirect decomposition, the present work focuses
on the eﬀect of NH3 and the research is based on the thermal
DeNOx process.

process, a detailed mechanism containing N/H/O/K/Na elements should be set up ﬁrst. In the present work, the ÅA
mechanism was selected as a basic reaction model, which was
established by Zabetta et al.15 and can predict the SNCR process
well. For alkali metal elements, the K and Na mechanisms
proposed by Hindiyarti et al.16 and Zamansky et al.4, respectively,
were used to describe the behavior of alkali metal additives
and species. Because of the similar character of congeners, we
assumed that alkali metal additives rapidly converted to
hydroxide according to ref 4; therefore, KOH and NaOH were
treated as the initial reactants in the simulation. To coincide with
the experiments, only N/H/O/K/Na species were retained; the
C-, S-, and Cl-containing species in the original mechanism were
omitted, because they were not present in the experiments
modeled. Finally, a detailed mechanism was set up, including
35 species and 368 irreversible elementary reactions, using
MECHMOD.
2.2. Skeletal Mechanism. The skeletal mechanism was
derived by eliminating unimportant species and reactions using
the CONNECT and sensitivity analysis (SA) methods, both of
which are encoded in KINALC and introduced in detail in ref 14.
The reduction procedure was based on the experimental
conditions as follows: T = 1023−1523 K; p = 0.1 MPa; [O2] =
2−4%; [H2O] = 6%; [NO] = 400 ppm; NSR = 1.2−2.1; [KOH]
and [NaOH] = 0−50 ppm; N2 as balance gas; and the reaction
time = 500 ms. All of the concentrations are on the volume basis
in the experiment and simulation of this paper.
First, the CONNECT method was used to ﬁnd redundant
species by choosing NO, NH3, O2, NaOH, KOH, and N2 as the
main species. After analysis, eight species were found redundant
during the whole reaction time and eliminated from the detailed
mechanism. Then, the SA method was taken for the remaining
mechanism, with a predeﬁned criterion as 0.1%. After calculation,
the reactions with normalized sensitivity coeﬃcients smaller than
this criterion were eliminated; therefore, the skeletal mechanism
was obtained, including 27 species and 137 irreversible reactions,
shown in the Appendix.
2.3. Reduced Mechanism. On the basis of the same
reaction conditions, the QSS analysis method14 was taken to
identify QSS species, whose production and consumption rates
are nearly the same and whose net reaction rates are assumed to
be zero according to the QSS assumption. With this method in
KINALC, 13 species were identiﬁed as QSS species. To represent the stoichiometry of the overall skeletal chemical system by a
reduced mechanism, an independent set of reaction steps from
the skeletal mechanism should be selected and used to eliminate
the QSS species according to the matrix operation of mechanism
reduction and the QSS assumption. To ensure the smallest errors,
the elimination always selected the least sensitive reactions in the
skeletal mechanism involving each speciﬁc QSS species; in this
paper, they were H-w3, O-w43, HO2-w125, NH-w75, NNH-w74,
N2H2-w71, HNO-w48, HONO-w57, H2NO-w61, KO-w107, KO2w104, NaO-w116, and NaO2-w136. A self-written program was
used to automatically read the skeletal mechanism, QSS species, and
reactions to be eliminated and, through a series of operations, write
out the report ﬁle, including the whole information of the reduced
mechanism. For the present work, the reduced mechanism involves
14 species and 9 reactions.

2. MECHANISM REDUCTION AND VALIDATION
The reduction and validation of the mechanism were obtained by
the following steps: (1) set up a detailed mechanism that can
describe well the problem being researched; (2) establish a
skeletal mechanism through deleting redundant species and reactions in the selected conditions; (3) develop a reduced mechanism by quasi-steady-state (QSS) assumption based on elimination of QSS species; and (4) validate the accuracy of the reduced
mechanism against the detailed one under the whole range of
selected conditions.
The present mechanism reduction procedure was performed
on the basis of the SENKIN model,12 which solves the conservation equations for mass and energy and calculates the
temporal evolution of molar fractions of species for a homogeneous mixture. Because the temperature was almost constant
in the research, a reactor system with a constant pressure
and temperature was selected. For mechanism reduction, a selfwritten program combined with two open-source programs
KINALC and MECHMOD13 was used. KINALC can analyze
the gas kinetic mechanism by reading the concentrations and
sensitivities calculated by SENKIN, including 17 diﬀerent methods
for the analysis of the complex reaction mechanism. MECHMOD is
an auxiliary program that can modify the mechanism, such as
changing of units, elimination of species, changing a reversible reaction to pairs of irreversible reactions, etc. More information about
them can be gained from ref 14.
2.1. Detailed Mechanism. To evaluate the eﬀects of
potassium and sodium additives on the thermal DeNOx
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2NH3 ⇒ 2NH 2 + H 2

(1)

NH3 + NO + O2 ⇒ NH 2 + NO2 + OH

(2)

NH3 + OH ⇒ NH 2 + H 2O

(3)
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NH 2 + NO2 ⇒ H 2 + O2 + N2

(4)

NH3 + NO + 2O2 ⇒ 2NO2 + OH + H 2

(5)

2NH 2 + O2 ⇒ NH3 + NO + OH

(6)

NH 2 + NO2 ⇒ N2O + H 2O

(7)

NO + O2 + H 2O + K ⇒ NO2 + OH + KOH

(8)

NO2 + H 2O + Na ⇒ NO + OH + NaOH

(9)

Figure 1a shows the NO and NH3 concentrations calculated
with diﬀerent mechanisms with the change of time. The skeletal
mechanism coincides well with the detailed mechanism, while the
reduced mechanism is slightly lower. However, the largest relative
error is no more than 5%, and the error is only obvious at the
beginning of the reaction time (0−200 ms), after which the
reduced mechanism coincides well with the detailed
mechanism. Figure 1b is the calculated result for two
important free radicals OH and NH2. In the range of 0−100
ms, the concentrations of OH and NH2 calculated by the
reduced mechanism are slightly higher, while after this time,
the three mechanisms coincide well. The overestimated
production of OH and NH2 at the beginning is the main
reason for the deviation of NO and NH3 for the reduced
mechanism.
Figure 2 is the comparison results of the NO concentration at
the end of the reaction time with diﬀerent mechanisms. It
indicates that the reduced mechanism can predict well the ﬁnal
NO molar fraction against the detailed mechanism at diﬀerent
oxygen concentrations and NSRs. Because the deviation for main
species and free radicals is not large and within the allowable
error and the NO concentration at the outlet that we concern
most is well-coincident with the detailed mechanism, this
reduced mechanism will be used in the following CFD
simulations.

For each reaction in the reduced mechanism, the reaction rate is
expressed in terms of the elementary reaction rates in the skeletal
mechanism as provided in Table 1.
2.4. Validation of the Reduced Mechanism. The
SENKIN model was also used to validate the reduced mechanism. Because the reaction rate of each species in the reduced
mechanism is not a single Arrhenius expression any more, the
subroutine for calculating the production rate of each species
should be modiﬁed to express the reaction rate of the reduced
mechanism. The validation was based on the experimental and
simulated conditions and covered the main variation range of
parameters. The calculated result of the reduced mechanism was
compared to that of the detailed and skeletal mechanisms from
diﬀerent aspects, as shown in Figures 1 and 2.

Table 1. Reaction Rate Expressed in Terms of the Elementary Reaction Rates in the Skeletal Mechanism
W1 =

w1 − w21 − w22 − w32 − w34 + w35 − w36 + w37 − w44 + w45 − w46 + w60 + w69 − w76 − w78 − w80 − w88 + w89 − w90 + w91 + w101 − w102 +
w105 − w108 + w109 − w111 + w112 − w119 + w120 − w121 + w122

W2 =

w4 − w5 + w10 − w13 + w14 − w17 − w19 + w20 + w21 + w22 − w26 − w27 − w30 − w31 + w32 − w36 + w37 + w40 − w41 − w45 + w46 − w47 − w49 +
w50 − w52 + w53 − w54 − w55 + w62 + w63 + w65 − w66 + w76 + w78 + w79 + w80 − w81 + w82 + w83 − w86 + w87 + w88 − w89 + w90 − w91 −
w92 + w93 − w96 + w97 − w99 + w100 − w101 + w102 − w105 + w108 − w109 − w110 + w111 − w112 − w119 + w120 − w121 + w122 − w123 +
w124 − w127 + w128 − w129 + w130 − w131 + w134 − w135

W3 =

w6 − w7 + w11 + w21 + w22 − w30 − w31 − w33 + w36 − w37 + w49 − w50 + w54 + w58 + w59 + w64 + w68 + w70 − w72 + w73 + w79 + w80 + w84 −
w85 + w86 − w87 + w96 − w97 + w99 − w100 + w101 − w102 − w105 + w110 + w111 − w112 + w119 − w120 + w121 − w122 + w123 − w124 + w127
− w128 + w129 − w130 + w131 + w132 − w133

W4 =

w8 + w10 + w11 + w17 + w18 + w20 + w21 + w22 − w26 − w27 − w28 − w29 − w30 − w31 − w33 + w58 − w72 + w73 + w79 + w80 + w111 − w112

W5 =

w9 + w17 + w19 + w26 + w27 + w30 + w31 + w34 − w35 + w36 − w37 − w40 + w41 + w44 − w62 − w79 + w81 − w82 − w93 − w101 + w102 + w119 −
w120 + w121 − w122 − w134 + w135

W6 =

w12 − w15 + w16 + w24 − w25 + w28 + w29 − w30 − w31 − w34 + w35 − w36 + w37 + w40 − w41 − w44 − w55 − w72 + w73 + w79 − w81 + w82 + w93
+ w101 − w102 − w119 + w120 − w121 + w122 + w134 − w135

W7 =

w23 + w30 + w31 + w33 + w55 + w72 − w73 − w79 − w80 − w111 + w112

W8 =

w98 + w99 − w100 + w101 − w102 + w105 − w108 + w109 + w110

W9 =

w113 − w114 + w119 − w120 + w121 − w122 + w123 − w124 + w127 − w128 + w129 − w130 + w131 + w132 − w133 − w134 + w135

Figure 1. Comparison of the reduced mechanism with the detailed and skeletal mechanisms at diﬀerent times (T = 1173 K; [NO] = 400 ppm;
[O2] = 3%; [KOH] and [NaOH] = 50 ppm; NSR = 1.5; and [H2O] = 6%).
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Figure 2. Comparison of the reduced mechanism with the detailed mechanism for diﬀerent temperatures at (a) diﬀerent oxygen concentrations (NSR =
1.5) and (b) diﬀerent NSRs ([O2] = 3%) ([NO] = 400 ppm; [KOH] and [NaOH] = 50 ppm; and [H2O] = 6%).
goes to completion. The total ﬂow can be divided into two main ﬂows.
The ﬁrst ﬂow rate is kept at 13 N L min−1, and the NO molar fraction is
about 400 ppm. When tests and calibrations are repeated before the
experiments, this gas ﬂow rate can carry atomized solution of about
0.6 g/min. If all H2O and alkali metal additives are assumed to
completely evaporate, the H2O molar fraction is about 6%. Therefore,
the alkali metal concentration can be controlled accordingly when
preparing the alkali metal solution. The second ﬂow is kept at 2 NL/min,
changing NSR by adjusting the NH3 mixing ratio. In the present
experiments, the eﬀects of K and Na additives on the thermal DeNOx
process were studied under diﬀerent temperatures (1023−1523 K),
oxygen concentrations (2.0, 2.8, and 3.7%), NSRs (1.2, 1.5, 1.8, and 2.1),
and atom concentrations of alkali metal (0, 25, and 50 ppm). The
alkali metal salts used were K2CO3 and Na2CO3, which have two alkali
metal atoms in each molecule. The experimental data were recorded
after being kept stable for about 2 min, and each experimental point was
an average result of two measurements.
3.2. Numerical Simulation Method. The eﬀects of alkali metal
additives on the thermal DeNOx process were simulated by FLUENT
software in the present work. Through user-deﬁned function (UDF),
the reduced mechanism can be integrated into this CFD program
and save much time, because the time required for the simulation is
approximately proportional to the number of elementary reactions and
the square or cube of the number of species. To further reduce computing time, the numerical model was assumed to be two-dimensional
(2D) axial symmetric and the size was the same as that of the EFR. The
computational area was discretized with a rectangular grid, and the inlet and
main reacting areas were properly densiﬁed. All of the initial and boundary
conditions were set according to the experiments with a constant wall
temperature assumption. Because the velocity on the inlet of the second
ﬂow is 30−40 times larger than that of the ﬁrst ﬂow and turbulence
always exists in the experiments, a low Reynolds k−ε model established
by Launder and Sharma17 was used for the turbulence simulation.
The SIMPLE method was used to solve the velocity and pressure coupling,
and the eddy dissipation concept (EDC)18 model was for calculating
the interaction between turbulence and chemistry reactions. Besides, the
in situ adaptive tabulation (ISAT)19 method was applied to accelerate
the computation of the reaction rates, which can greatly reduce the computational consumption. Because of the high temperature of the reactor and
small atomized particle size of the alkali metal liquid solution, the alkali
metal additives were assumed to be completely vaporized into the gas
phase; therefore, all of the reactions in the simulation are homogeneous,
and the reduced mechanism can be used in the simulation.

3. DESCRIPTION OF THE EXPERIMENTAL AND
SIMULATION METHODS
3.1. Experimental System and Method. The experiments and
simulations were executed for an electrically heated entrained ﬂow
reactor (EFR), with a height of 1.93 m and an inner diameter of 70 mm,
and the system is shown in Figure 3. The EFR has three regulated

Figure 3. Schematic of the experimental system: (1) air compressor, (2)
mass ﬂow controller, (3) mixing tank, (4) atomizer, (5) EFR, (6) watercooling gas probe, (7) draft fan, (8) gas analyzer, and (9) gas cylinder.
heating zones, with a maximum temperature of 1873 K, measured by
PtRh−Pt thermocouples. The oxygen needed in the experiments is
supplied by an air compressor, while the nitrogen is supplied by both an
air compressor and a gas cylinder. NO and NH3 come from standard gas
with 5% concentration. Each ﬂow is exactly controlled by a mass ﬂow
controller. The ﬁrst ﬂow mixed by O2, N2, and NO is sent into the EFR,
carrying the atomized alkali metal liquid solution, with a diameter of 1−5
μm. The second ﬂow mixed by N2 and NH3 is sent deep into the reactor
by 0.4 m through a corundum tube, and the length of reaction district is
1.2 m. The NO molar fraction is measured online by a gas analyzer
through a gas probe cooled by water from the bottom of the reactor. The
gas analyzer is ECOM-J2KN, with the NO measuring range of 2000
ppm and precision of ±5 ppm. To ensure its accuracy, the gas analyzer is
calibrated everyday before the experiments. Besides, to maximally
exclude the interference caused by alkali metal deposition on the inner
wall, a large quantity of air is pumped into the reactor under the temperature of 1773 K for 1 h everyday before the experiments, vaporizing
the deposit and blowing it out of the reactor.
In the experiments, the total volumetric ﬂow rate is 15 NL/min and
the residence time is about 3−4 s to ensure that the reaction of SNCR

4. MODELING RESULTS AND COMPARISON TO
EXPERIMENTS
On the basis of the reduced mechanism modeling, the eﬀects of
potassium and sodium additives on the thermal DeNOx process in various conditions were simulated and compared to the
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experimental results. In these results, the temperature shows the
most obvious eﬀect on the NOx removal process. In Figure 4, the
distribution of NH3 and NO mass fractions is presented, where
the process shows diﬀerent characteristics with various temperatures. At a low temperature of 1073 K, the NH3-reducing agent
does not react very much and equally distributes, which causes
low NOx removal eﬃciency and high ammonia slip. A convenient
temperature, such as 1273 K, is beneﬁcial for the reaction of N
agents. The eﬀect is obvious, and there is nearly no ammonia
found at the exit. However, at the high temperature of 1473 K,
NH3 is easily oxidized rapidly to NOx, the rate of which is faster
than that of the reducing reaction; therefore, the eﬃciency is
low. The model reproduces the eﬀect of the temperature on
SNCR satisfactorily and indicates that the simulation results are
reasonable.
In Figures 5, 7, and 8, where NOout and NO0 represent the NO
molar fraction at the exit of the reactor with and without NH3reducing agent, respectively, the simulation result under various
conditions coincides with that of the experimental result qualitatively. Limited by the precision of the experiment, both the
simulation and experimental results are quantitatively identical
only at the temperature from 1173 to 1373 K, below or above
which the experiment shows better eﬀects on NOx removal. On
the one hand, the deviation may be caused by some experimental
factors, such as air leakage, alkali metal deposition, surface
reactions of the reactor wall, non-uniform temperature and
concentration ﬁeld, liquid solution atomization, and alkali metal
additive decomposition and vaporization. On the other hand,
aspects of the model may also cause the deviation, such as

Figure 4. Simulation result of the distribution of NH3 and NO mass
fractions under diﬀerent temperatures: (1) 1073 K, (2) 1273 K, and (3)
1473 K.

Figure 5. Simulation and experimental results of diﬀerent oxygen concentrations with alkali metal additives: (a and b) K additive and (c and d) Na
additive.
425
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Figure 6. Reaction path analysis for N species ([NO] = 400 ppm; [O2] = 3%; [KOH] and [NaOH] = 25 ppm; and NSR = 1.5).

concentrations of oxygen can promote the production of OH;
therefore, more NH2 can form to reduce NO. At higher
temperatures, enough OH radical is produced by H2O. Oxygen is
an important oxidant of NH3 in this condition; therefore, the
eﬃciency of SNCR becomes lower.
Figure 7 compares simulation and experimental results under
diﬀerent NSR conditions at 2.8% oxygen concentration, and it
can be concluded that a higher NSR is beneﬁcial for the NO
reduction; however, the promoting eﬀect becomes less obvious
with the increase of the reducing agent. In the experiment, higher
NSR promotes the eﬀect in the whole range of temperatures,
while this promoting eﬀect disappears above 1373 K in the
simulation and reduces the eﬃciency of SNCR, with more NH3
being oxidized under high temperatures as a possible reason.
Despite the diﬀerence, both results show that NSR = 1.5 is
appropriate for reducing NO, above which more NH3 cannot
show a further promoting eﬀect. As a result, the cost of the
reducing agent must be considered in the actual production
process to gain a relatively high eﬃciency. Similar to that of the
oxygen concentration, the alkali metal additives do not change
the eﬀect of NSR.
However, the alkali metal additives indeed change the range of
the “temperature window” and promote the eﬃciency of SNCR
to some extent, especially for Na additives, which is shown in

uncertainty of rate constants for some reactions containing alkali
metals. Besides, in the work by Mahmoudi et al. researching
SNCR on biomass combustion, similar DeNOx eﬃciency
was obtained in laboratory and large-scale experiments,1 which
indicates that the experimental data in this paper are reasonable. Therefore, the experimental data are used to compare
to the modeling results qualitatively in the present work,
which can also well-illustrate the changing trend in diﬀerent
conditions.
Figure 5 is the result for diﬀerent oxygen concentration
conditions at NSR = 1.5, which indicates that the eﬀect of oxygen
is variable within the temperature range and the K and Na
additives do not change this phenomenon compared to the result
without additives in our research and others’ work.11 A conversion temperature point exists at about 1173−1223 K in both
simulation and experiment. Below this point, a higher oxygen
concentration can promote the eﬀect of SNCR, while above
it, the eﬃciency will be reduced. The reaction path is analyzed on
the basis of the plug ﬂow model using Cantera,20 as shown in
Figure 6. Because NO is reduced mainly through two paths:
(1) NH2 + NO → N2 + H2O and (2) NH2 + NO → NNH + OH
and NNH + O2 → N2 + HO2, NH2 is acting as a reducing agent in
the NOx removal process, which is mainly produced by reaction NH3 + OH → NH2 + H2O. At lower temperatures, high
426
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Figure 7. Simulation and experimental results of diﬀerent NSRs with alkali metal additives: (a and b) K additive and (c and d) Na additive.

Figure 8. Simulation and experimental results of the comparison of alkali metal additives on the thermal DeNOx process.

Lissianski et al.21 also found an obvious promoting eﬀect for K
additives in their research. A possible reason is that, although the
form of the main reaction in the Na mechanism also exists in the
K mechanism, the K mechanism was established and optimized
for the research of alkali metal aerosol formation during biomass
combustion and the mechanism may be not very suitable for
describing the inﬂuence of K additives in the SNCR process. Li et
al.22 pointed out that the reaction rate constant of K + OH =
KOH is only 1/64 of Na + OH = NaOH; therefore, KOH has low
promotion of NO reduction compared to NaOH in the biomassreburning process while researching with the same alkali metal
reaction mechanism, and this may be possible to explain the
obviously diﬀerent promoting eﬀects between K and Na additives in our simulation.
From the results with alkali metal additives in Figure 8,
another conclusion can be obtained that the Na and K

Figure 8. Both simulation and experimental results indicate that
the “temperature window” extends toward the lower temperature by about 50−100 K, with eﬃciency promotion by Na
additives. From Figure 9, it can be seen that the OH mass fraction
is increased after adding Na additive at 1123 K, which is caused
by the promoting eﬀect of NaOH + O2 ⇒ NaO2 + OH, NaOH +
M ⇒ Na + OH + M, and NaO + H2O ⇒ NaOH + OH on OH
radical production through reaction path and sensitivity analysis.
Therefore, the alkali metal additive enhances the production of
OH, which promotes the NH2 production to reduce NO, and
this can also be seen in the simulation result shown in Figure 9.
However, for K additives, only a slight promoting eﬀect is
observed in the simulation at low temperatures, which is not wellcoincident with the experimental result in Figure 8. In the
experiment, although the eﬀect of K additives is less than that of
Na, the improvement of the eﬃciency is still obvious, and
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5. CONCLUSION
In the present work, a detailed mechanism was established to
investigate the eﬀects of K and Na additives on the thermal
DeNOx process. With KINALC and MECHMOD open-source
programs and a self-written code, a reduced mechanism was
developed, validated, and integrated into CFD software to
simulate the SNCR process. In comparison to the experimental
results, the conclusions can be obtained as follows: (1) Alkali
metal additives do not change the eﬀect of the oxygen concentration on the SNCR process. A conversion temperature point
exists at about 1173−1223 K. Below this point, higher oxygen
concentrations can promote the eﬀect of SNCR, while above it, the
eﬃciency will be reduced. (2) A higher NSR is beneﬁcial for the NO
reduction, but its eﬀect becomes less obvious with the increase of
the reducing agent. NSR = 1.5 is appropriate in the present work,
and the K and Na additives also do not change this conclusion. (3)
The alkali metal additives extend the “temperature window” toward
lower temperatures by about 50−100 K with more OH and NH2
radical production, and the eﬀect of K additives is less than that of
Na additives. However, the promoting eﬀect of K additives cannot
be well-simulated because of the lack of a suitable mechanism;
therefore, a K chemistry mechanism should be optimized on the
basis of its eﬀect on the SNCR process. (4) The K or Na concentration has almost no inﬂuence on the eﬀect of alkali metal
additives on the thermal DeNOx process when the K or Na
concentration is beyond a certain value.

Figure 9. Simulation result of the distribution of OH and NH2 mass
fractions at 1123 K at the initial segment of the reactor (1) clean reactor
(2) reactor with 25 ppm Na additive.

concentrations almost have no inﬂuence on their eﬀect on the
thermal DeNOx process, for which the simulation and
experimental results coincide well. Once added beyond a certain
concentration (20 ppm for Na by Niu et al.3), K or Na additives
will show almost the same promoting eﬀect on the SNCR
process.

■

APPENDIX
Reactions of the skeletal mechanism are provided in Table A1.

Table A1. Reactions of the Skeletal Mechanism
1: NH3 + M ⇒ NH2 + H + M

47: HNO + H ⇒ NO + H2

93: HO2 + H ⇒ 2OH

2: NH3 + H ⇒ NH2 + H2

48: HNO + O ⇒ NO + OH

94: HO2 + O ⇒ OH + O2

3: NH2 + H2 ⇒ NH3 + H

49: HNO + OH ⇒ NO + H2O

95: OH + O2 ⇒ HO2 + O

4: NH3 + O ⇒ NH2 + OH

50: NO + H2O ⇒ HNO + OH

96: HO2 + OH ⇒ H2O + O2

5: NH2 + OH ⇒ NH3 + O

51: HNO + O2 ⇒ NO + HO2

97: H2O + O2 ⇒ HO2 + OH

6: NH3 + OH ⇒ NH2 + H2O

52: HNO + NH2 ⇒ NO + NH3

98: K + O + M ⇒ KO + M

7: NH2 + H2O ⇒ NH3 + OH

53: NO + NH3 ⇒ HNO + NH2

99: K + OH + M ⇒ KOH + M

8: NH2 + H ⇒ NH + H2

54: HNO + NO2 ⇒ HONO + NO

100: KOH + M ⇒ K + OH + M

9: NH2 + O ⇒ HNO + H

55: 2HNO ⇒ N2O + H2O

101: K + HO2 ⇒ KOH + O

10: NH2 + O ⇒ NH + OH

56: HONO + OH ⇒ NO2 + H2O

102: KOH + O ⇒ K + HO2

11: NH2 + OH ⇒ NH + H2O

57: NO2 + H2O ⇒ HONO + OH

103: K + O2 (+M) ⇒ KO2 (+M)

12: NH2 + HO2 ⇒ H2NO + OH

58: NH2 + NO2 ⇒ HONO + NH

104: KO2 (+M) ⇒ K + O2 (+M)

13: NH2 + HO2 ⇒ NH3 + O2

59: NH3 + NO2 ⇒ HONO + NH2

105: K + H2O ⇒ KO + H2

14: NH3 + O2 ⇒ NH2 + HO2

60: H2NO + M ⇒ HNO + H + M

106: KO + H2O ⇒ KOH + OH

15: H2NO + O ⇒ NH2 + O2

61: H2NO + H ⇒ HNO + H2

107: KOH + OH ⇒ KO + H2O

16: NH2 + O2 ⇒ H2NO + O

62: H2NO + H ⇒ NH2 + OH

108: KOH + H ⇒ K + H2O

17: 2NH2 ⇒ N2H2 + H2

63: H2NO + O ⇒ HNO + OH

109: K + H2O ⇒ KOH + H
110: KO2 + OH ⇒ KOH + O2

18: 2NH2 ⇒ NH3 + NH

64: H2NO + OH ⇒ HNO + H2O

19: NH2 + NH ⇒ N2H2 + H

65: H2NO + NO ⇒ 2HNO

111: Na + N2O ⇒ NaO + N2

20: NH2 + NO ⇒ NNH + OH

66: 2HNO ⇒ H2NO + NO

112: NaO + N2 ⇒ Na + N2O

21: NH2 + NO ⇒ N2 + H2O

67: H2NO + NH2 ⇒ HNO + NH3

113: NaO + H2O ⇒ NaOH + OH

22: NH2 + NO ⇒ N2 + H2O

68: H2NO + NO2 ⇒ HONO + HNO

114: NaOH + OH ⇒ NaO + H2O

23: NH2 + NO2 ⇒ N2O + H2O

69: N2H2 + M ⇒ NNH + H + M

115: NaO + O ⇒ Na + O2

24: NH2 + NO2 ⇒ H2NO + NO

70: N2H2 + OH ⇒ NNH + H2O

116: Na + O2 ⇒ NaO + O

25: H2NO + NO ⇒ NH2 + NO2

71: N2H2 + NH2 ⇒ NNH + NH3

117: NaO + NO ⇒ Na + NO2
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Table A1. continued
26: NH + O ⇒ NO + H

■

72: N2H2 + NO ⇒ N2O + NH2

118: Na + NO2 ⇒ NaO + NO

27: NH + OH ⇒ HNO + H

73: N2O + NH2 ⇒ N2H2 + NO

119: Na + O2 + M ⇒ NaO2 + M

28: NH + O2 ⇒ HNO + O

74: NNH ⇒ N2 + H

120: NaO2 + M ⇒ Na + O2 + M

29: NH + O2 ⇒ NO + OH

75: NH + NO ⇒ NNH + O

121: Na + OH + M ⇒ NaOH + M

30: NH + NO ⇒ N2O + H

76: NNH + O2 ⇒ N2 + HO2

122: NaOH + M ⇒ Na + OH + M

31: NH + NO ⇒ N2O + H

77: NNH + O2 ⇒ N2 + H + O2

123: NaO + OH ⇒ NaOH + O

32: NH + NO ⇒ N2 + OH

78: NNH + NO ⇒ N2 + HNO

124: NaOH + O ⇒ NaO + OH

33: NH + NO2 ⇒ N2O + OH

79: N2O + M ⇒ N2 + O + M

125: NaO + OH ⇒ Na + HO2

34: NO + O + M ⇒ NO2 + M

80: N2O + O ⇒ N2 + O2

126: Na + HO2 ⇒ NaO + OH

35: NO2 + M ⇒ NO + O + M

81: O + OH ⇒ H + O2

127: Na + HO2 ⇒ NaOH + O

36: NO + OH + M ⇒ HONO + M

82: H + O2 ⇒ O + OH

128: NaOH + O ⇒ Na + HO2

37: HONO + M ⇒ NO + OH + M

83: O + H2 ⇒ OH + H

129: NaO + HO2 ⇒ NaO2 + OH

38: NO + HO2 ⇒ NO2 + OH

84: OH + H2 ⇒ H2O + H

130: NaO2 + O ⇒ NaO + O2

39: NO2 + OH ⇒ NO + HO2

85: H2O + H ⇒ OH + H2

131: NaO + O2 ⇒ NaO2 + O

40: NO2 + H ⇒ NO + OH

86: 2OH ⇒ H2O + O

132: NaO + NH3 ⇒ NaOH + NH2

41: NO + OH ⇒ NO2 + H

87: H2O + O ⇒ 2OH

133: NaOH + NH2 ⇒ NaO + NH3

42: NO2 + O ⇒ NO + O2

88: H + O2 + M ⇒ HO2 + M

134: NaOH + H ⇒ Na + H2O

43: NO + O2 ⇒ NO2 + O

89: HO2 + M ⇒ H + O2 + M

135: Na + H2O ⇒ NaOH + H

44: 2NO + O2 ⇒ 2NO2

90: H + O2 + N2 ⇒ HO2 + N2

136: NaO2 + OH ⇒ NaOH + O2

45: HNO + M ⇒ H + NO + M

91: HO2 + N2 ⇒ H + O2 + N2

137: NaOH + O2 ⇒ NaO2 + OH

46: H + NO + M ⇒ HNO + M

92: HO2 + H ⇒ H2 + O2
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