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a b s t r a c t

Burning coal briquettes or biomass pellets in household decoupling stoves is of significance to the
reduction of residential pollutant emissions such as NO and CO. In order to make full use of the
superiority of decoupling combustion technology, the household stoves should be specially designed
and optimized to adapt to fuel types and combustion characteristics. Using numerical simulation and
experimental validation, this study quantitatively clarified that the reducibility of devolatilization
char plays an important role in the suppression of NO emission in the decoupling combustion of
coal, while the reducibility of pyrolysis gases has a dominant effect on the reduction of NO in
the decoupling combustion of biomass. An optimal parameter combination of throat height and
grate angle was obtained for the simultaneous suppression of NO and CO emissions in the house-
hold decoupling stove burning coal briquettes. Two types of decoupling stoves were developed to
enable the clean combustion of biomass pellets. The A-type biomass stove with a multi-pass smoke
tunnel shows a better comprehensive NO and CO reduction effectiveness than the B-type biomass
stove consisting of a two-stage grate structure and an S-shaped pyrolysis chamber. The optimal
structural parameters provided references for the design and manufacture of commercial decoupling
coal and biomass stoves.
� 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Residential emissions from household coal- and biomass-fired
heating were considered to contribute much to ambient air pollu-
tion in China [1]. It was reported that about 71% of PM, 92% of SO2,
72% of NOx and 74% of CO can be attributed to the combustion of
residential raw coal in northern China in 2013 [2]. The emissions
of PM2.5, SO2 and NOx from raw coal combustion still account for
29%, 11% and 2.2% of total pollutant emissions in 2022, respec-
tively, though the raw coal takes up only 2.9% of total energy
consumption of China [3]. Biomass is a renewable fuel, but its
high-efficiency utilization is often challenged because of economic
difficulties and combustion disadvantages [4,5]. Burning coal
briquettes and/or biomass pellets has been proven to be a feasible
and economical option for the reduction of residential pollution in
China because combining fuel briquettes and improved stoves
promotes combustion efficiency but reduces pollutant emissions

compared with the direct combustion of non-treated raw fuels
[6–12].

As solid fuels are heated to a high temperature, NOx can be
formed from either light N-containing components such as HCN
and NH3 in pyrolysis gases or N-containing solid species in devola-
tilized fuel particles (char), in which large amounts of CO may also
be produced due to incomplete combustion [13]. On the other
hand, the conversion of HCN and NH3 can also be controlled to
form N2 instead of NOx in reducing atmosphere [14]. The formed
NOx can be reduced by the reducing gases and char particles
[15,16]. Therefore, suppressing the conversion of fuel nitrogen to
NOx and utilizing the reducibility of volatiles and char as much
as possible are the key to high-efficiency and low-emission com-
bustion of solid fuels.

In traditional updraft or downdraft stoves, the pyrolysis and
combustion processes occur in one hearth simultaneously, which
leads to the possible incomplete combustion of volatile matter
and char [17–20]. Many methods were adopted to increase the
thermal efficiency but reduce the pollutant emissions of house-
hold stoves. Some researchers laid emphasis on using clean solid
fuels [21,22], while others devoted themselves to improving stove
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design [17,20,23,24] and further the combination of fuel and
stove [19,25,26]. In a decoupling stove, as shown in Fig. 1 [27],
the hearth of stove is divided into a pyrolysis chamber and a
combustion chamber as well as a bottom passage in between.
Solid fuels are added from the top of pyrolysis chamber, while
air is introduced from the bottom inclined grate and flue gas is
exhausted from the top of combustion chamber. So, the combus-
tion process is decoupled into the fuel pyrolysis process in low-
temperature and reducing atmosphere and the combustion of
volatiles and char in high-temperature and oxidizing atmosphere,
which can facilitate the targeted regulation of combustion process
to utilize the reducibility of pyrolysis products themselves, so as
to increase thermal efficiency but lower NOx emissions
[16,27–30].

The char reactions are considered as the major contributor for
the NOx and CO emissions in coal combustion, while the conver-
sion of volatile matter plays an important role for the clean com-
bustion of biomass [16,31–33]. In the decoupling coal stoves, the
above-mentioned mechanism can be enhanced by forming a gas
flow circulation in the pyrolysis chamber to increase the possibili-
ties for NOx reduction and CO burnout [26,34,35]. In order to make
full use of the superiority of decoupling combustion technology, it
is necessary to optimize the stove structure and further the combi-
nation scheme of the pyrolysis and combustion processes accord-
ing to the variation of fuel type [36,37].

In previous numerical simulation of grate-firing stoves, it is a
common thing to consider only the homogeneous reactions in
the gas phase for simplification [38,39], though the fuel bed can
be simulated by using empirical models or discrete methods at
the cost of large amounts of computation resources and time con-
sumption [40–44]. In order to simulate accurately the decoupling
combustion stoves, the fuel bed was included in the computational
domain and taken as a porous zone subjected to the mass and
energy balances in this study [45–47]. A decoupling coal stove
was simulated in detail to optimize its structural parameters corre-
sponding to bituminous briquettes further. Two decoupling bio-
mass stoves were newly developed and numerically analyzed to
adapt to the combustion characteristics of biomass pellets. Differ-
ent dominant mechanisms for NOx suppression in the decoupling
coal and biomass stoves were clarified in the simulation, and
experiments were performed to verify the effectiveness of the opti-
mized decoupling stoves in lowering the NOx and CO emissions.
The optimal structural parameters provided references for the
design and manufacture of commercial decoupling coal and bio-
mass stoves.

2. Simulation and Experiments

2.1. Simulation method

The whole household stove with a similar characteristic struc-
ture to the prototype in Fig. 1 is taken as the computational
domain. Because the design of household decoupling stove may
vary with fuel types such as anthracite, bituminous coal and bio-
mass, the detailed structures of decoupling coal and biomass
stoves will be described in the following subsections, respectively.
Coal briquettes or biomass pellets are packed in the pyrolysis
chamber at the experimental porosity, and the fuel bed is ignited
from the bottom of the pyrolysis chamber.

The simulation is implemented by ANSYS� FLUENT 17.2. The
gas phase is treated as continuum, while the trajectories of fuel
particles are simulated by the discrete phase model (DPM). The
packing effect of fuel bed is considered by the porous media. The
both phases are coupled by the exchange of the mass, momentum
and energy between them. The RNG k-epsilon model is employed
to describe the turbulence dynamics since it can provide overall
superior prediction performance for various flow regimes [48].
The heat conduction, convection and radiation are considered in
the simulation, where the basic physical properties of gas/solid
mixtures are calculated by mass-weighted mixing law. Specially,
the radiation heat transfer is calculated by the DO model [49,50].
The Finite rate/Eddy dissipation (FR/ED) model accounts for the
turbulence-chemistry interaction in this study as the homoge-
neous combustion process is affected by chemical reaction rate
as well as turbulence [51].

A single kinetic rate model is used to describe the pyrolysis pro-
cesses of the coal or biomass fuel [52]. As the chemical reactions of
fuel particles mainly take place in diffusion/chemical control zone,
the kinetic/diffusion limited rate model is employed to describe
the combustion and gasification of large particles of coal char or
biomass char [53,54], that is,

�dmc

dt
¼ pd2

c
qcRTxO2

MO2

RT ð1Þ

with the total reaction rate RT

RT ¼ 1
1

Rkin
þ 1
Rdiff

ð2Þ

where, dc is char diameter; qc is char density; Rkin is chemical reac-
tion rate; Rdiff is external diffusion rate.

Fig. 1. Principle of household decoupling stoves.
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Only NO from fuel nitrogen is mainly considered for simplifica-
tion and comparison with the experiments since its content dom-
inates the NOx emissions from household stoves [55], which is
calculated by using the post-processing module of Fluent after
the combustion simulation as it is assumed to affect little the sim-
ulated stable flow field in the stoves. Structured hex meshes are
adopted in this study, and the average length of the mesh is deter-
mined to be 6 mm according to mesh independent tests. The wall
boundaries and the inlet/outlet conditions of the stoves were
determined experimentally. The general settings of simulation
are summarized in Table 1.

Main chemical reactions as well as corresponding kinetic equa-
tions involved in the simulation are listed in Table 2. The homoge-
neous reactions include the oxidization of CO, CH4 and H2. The
heterogeneous reactions mainly consist of the fuel pyrolysis as
well as the combustion and gasification of char with O2, CO2, H2

and H2O [58]. It is worth noting that the pyrolysis and combustion
kinetics of bituminous briquettes as well as the pyrolysis kinetics
of biomass pellets are determined experimentally because they
may differ by orders of magnitude from the corresponding intrinsic
kinetic parameters [59].

Considering the moisture content of as low as 1.98% in coal bri-
quettes, the water evaporation process is neglected in the steady state simulation of coal combustion for simplification, which is

however taken into account in the biomass combustion simulation
by adopting the water evaporation model of Bryden et al. [60]. The
two types of fuel particles are simplified as spheres with an equiv-
alent diameter of about 33 mm and 11 mm, respectively. Corre-
spondingly, the porosity of porous zone is set as 0.52 for the coal
stove, while 0.46 for the biomass stoves.

Table 1
Simulation settings

Simulation Setting

Space 3D
Time Steady
Pressure-velocity coupling SIMPLE
Spatial discretization Second-order upwind
Radiation model Discrete Ordinate
Turbulent model RNG k-e
Pyrolysis Single-rate model
Homogeneous combustion Finite rate/Eddy dissipation model
Heterogeneous combustion Kinetic/diffusion limited rate model

Table 3
Pollutant emissions from the prototype of decoupling coal stove

CO/mg�m�3 NO/mg�m�3

Exp. 584 ± 67 157±13
This study 595 134
Li et al. (2019) [34] 628 166

Fig. 2. Temperature distribution in the prototype of decoupling coal stove.

Table 2
Main reactions and kinetic parameters.

Chemical reaction Rate equation Kinetic parameter References

fuel ! vol þ char � dmv
dt ¼ mvRv

Rv ¼ 700 � e
�8861

Ts (coal)

Experimentally determined

Rv ¼ 11 � e
�6580

Ts (biomass)

H2 þ 0:5O2 ! H2O R1 ¼ k1cO2 cH2

k1 ¼ 9:87� 108 � e
�3:7� 106

Tg

Gómez et al., 2014 [47]

COþ H2O�
R2

R3

CO2 þH2
R2 ¼ k2cCOcH2O

k2 ¼ 2:78 � e
�1:5� 106

Tg

R3 ¼ k3cCO2 cH2

k3 ¼ 93690 � e
�5:6� 106

Tg

COþ 0:5O2 ! CO2 R4 ¼ k4cCOc0:25O2
c0:5H2O

k4 ¼ 2:239� 1012 � e
�20447

Tg

Desroches-Ducarne et al., 1988 [56]

CH4 þ 1:5O2 ! COþ 2H2O R5 ¼ k5c0:8O2
c0:7CH4

k5 ¼ 1:585� 1010 � e
�24157

Tg

Cþ 2H2 ! CH4 R6 ¼ k6cH2

k6 ¼ 3:42� 10�3 � Ts � e
�15600

Ts

Thunman et al., 2002 [57]

Cþ H2O ! COþ H2 R7 ¼ k7cH2O

k7 ¼ 3:42 � Ts � e
�15600

Ts

Cþ CO2 ! 2CO R8 ¼ k8cCO2

k8 ¼ 3:42 � Ts � e
�15600

Ts

Cþ O2 ! CO2 R9 ¼ k9cO2

k9 ¼ 0:014 � e
�11779

Ts (coal)

Experimentally determined

k9 ¼ 1:715 � Ts � e
�9000

Ts (biomass)

Thunman et al., 2002 [57]
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2.2. Numerical validation

In order to validate the simulation method based on the porous
zone approach and the experimentally-determined reaction kinet-
ics, the prototype of decoupling coal-fired heating stove was firstly
simulated to compare with the results of Li et al. [34] since they
ignored the packing effect of fuel particles. As shown in Fig. 2,
the introduction of the porous zone hinders the movement of
high-temperature flue gas stream from the bottom to the top of
the pyrolysis chamber, and thus results in a much reasonable sim-
ulated temperature at the top of pyrolysis chamber (point a). Sim-
ilarly, this obstructing effect provides much more chances for NOx

reduction and CO burnout. Thereby, as indicated in Table 3, the
simulated NO and CO emissions are lower than the previous simu-
lated results and in better agreement with the corresponding
experimental values.

2.3. Experimental validation

The experiments were carried out to validate the optimized
design of stoves. The proximate and ultimate analyses of coal bri-
quettes and biomass pellets are given in Table 4. Lower calorific
values of coal briquettes and biomass pellets are 25.59 MJ�kg�1

and 18.38 MJ�kg�1, respectively.
As shown in Fig. 3, the tested stove can be switched between

coal and biomass stoves according to the experimental needs.
The effective thermal load of the tested stove can be on-line mon-
itored by detecting the flowrate of cooling water as well as its inlet
and outlet temperature. Characteristic temperatures in the differ-
ent zones of tested stove were measured by some thermocouples
fixed at different measuring points. The outlet emissions including
NO, CO and O2 concentrations, etc. were online analyzed at the
stable flaming state by using a gas analyzer (ABB AO2020). The flue
gas sampling point is located at 1.5 m away from the bottom of the
chimney of 6 m high. All measured pollutant emissions are cor-
rected to the same dry oxygen basis of 9% (vol) for comparison.

3. Results and Discussion

3.1. Optimization of household decoupling coal stoves

As shown in Fig. 4, based on the prototype of decoupling coal
heating stove, a household coal-fired cooking and heating stove
with a rated thermal power of 10 kW was developed by adding
another hearth as the cooking chamber. The length, width and
height of the household decoupling coal stove are about 0.68 m,
0.24 m and 1.00 m, respectively. Throat height (h) and grate angle

Fig. 3. Schematic diagram of the experimental system.

Table 4
Proximate and ultimate analyses of coal briquettes and biomass pellets

Solid fuel Proximate analysis (ar)/% (mass) Ultimate analysis (daf)/% (mass)

M V FC A C H O N S

Coal briquette 1.98 31.66 48.34 18.02 81.83 5.35 10.68 1.63 0.51
Biomass pellet 7.04 82.96 7.42 2.58 51.00 7.03 41.33 0.62 0.02

Fig. 4. Schematic diagram of decoupling coal stove: 1—Coal feeding; 2—Baffle;
3—Pyrolysis chamber; 4—Measuring point; 5—Grate; 6—Combustion chamber;
7—Cooking chamber; 8—Heat exchange tube; 9—Adjusting plate; 10—Stove outlet.
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(a) are the two key structural parameters of decoupling combus-
tion stove because they both decide the pyrolysis and combustion
atmospheres as well as the depth of char layer, which have signif-
icant effects on multiple pollutant emissions [26,27]. Considering
the limits of thermal load and topological structure, the throat
height and the grate angle are numerically optimized at the ranges
of 105–225 mm and 6�–30�, respectively. However, the cooking
chamber is generally covered by an adjusting plate in the real-
world combustion scenario of China, so this study is mainly

focused on the simulation of the heating mode rather than the
cooking mode. Five measuring points of temperature from a to e
are set to obtain the temperature distribution characteristics in
the stove.

As illustrated in Fig. 5(a), the temperatures at the points a, d and
e generally decrease with increasing throat height because the
increase of effective depth of fuel bed hinders the flowing of inlet
air into the combustion chamber and thus reduces the homoge-
neous combustion intensity at these points. Additionally, the inlet

Fig. 5. Temperature variation with (a) throat height, and (b) grate angle at the different measuring points.

Fig. 6. Temperature profiles at the different (a) throat heights, and (b) grate angles.
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air together with high-temperature flue gas produced at the pyrol-
ysis chamber bottom can hardly flow to the pyrolysis chamber top.
Contrarily, the temperature of the point b, representing the com-
bustion state in the core char zone, increases with increasing
throat height because both the heterogeneous and homogeneous
combustion reactions become much stronger due to sufficient air
supply at the zones. The temperature of point c is strongly related
to the combustion of CO and other combustible components at the
measuring point. On one hand, sufficient cold inlet air resulting
from the thin effective fuel bed may cool the flue gas there and lead
to the incomplete combustion of CO [61]. On the other hand, as
shown in Fig. 6(a), the increases of temperature and area of char
zone with increasing throat height may result in the release of very
few CO to be combusted at the bottom passage. So, a maximum
temperature can be observed at the point c during the variation
of throat height.

The increase of grate angle was implemented by counterclock-
wisely rotating the grate about the lowest point of the stove for its
convenient manufacture, implying that the throat height decreases
correspondingly. A great grate angle accompanied by a small
throat height allows much more inlet air and combustible gases
flowing into the combustion chamber, and leads to a contracting
char combustion zone and a weakening combustion intensity at
the pyrolysis chamber bottom, as indicated in Fig. 6(b). This actu-
ally indicates that muchmore CO and other combustible gases may
be released from the pyrolysis chamber to be burnt in the combus-
tion chamber. Therefore, as shown in Fig. 5(b), with the increase of
grate angle the temperature clearly increases at the points c to e,
but slightly decreases at the points a and b.

Fig. 7 shows the NO concentration profile in the middle cross-
section of the stove under the different cases. In the coal stoves,
NO mainly originates from the oxidization of volatile and char

nitrogen at the pyrolysis chamber top and bottom, respectively
[62], while its reduction by char takes place in the bottom char
zone. The suppression of volatile NO at the pyrolysis chamber
top and the full utilization of the reducibility of char at the pyrol-
ysis chamber bottom are the key to decreasing NO emission from
the decoupling coal stove. As discussed before, great throat heights
and grate angles are not in favor of the movement of inlet air up to
the pyrolysis zone and enhance the reducing atmosphere in this
region. Thereby, NO is mainly concentrated in the pyrolysis cham-
ber bottom as well as the combustion chamber. The outlet NO
emission seems to decrease with increasing throat height and grate
angle. Moreover, in the pyrolysis chamber bottom region NO con-
centration profile takes on a clear circular shape at the suitable
combination of throat height and grate angle. This distribution
indicates the circulation flow of flue gas in the pyrolysis chamber
and the reduction of NO by char.

In order to statistically analyze the evolution of NO in the
decoupling coal stove, total NO reduction rates by coal char and
pyrolysis gases (e.g., CO, NH3, HCN) are calculated by summing
the corresponding simulation values in the whole computational
domain, respectively. As shown in Fig. 8, the total NO reduction
rates by char and pyrolysis gases as well as their sum appear to
firstly increase with increasing throat height, and then slightly
decrease at the greatest throat height. This may be attributed to
that the expansion of high-temperature char zone can provide
much more time and space for the reduction of NO, but the circu-
lation flow pattern of flue gas becomes unclear at the greatest
throat height and thus significantly reduces the chance for the
reduction of NO. However, these two reduction rates and their
sum seem to gradually decrease with increasing grate angle but
decreasing throat height because the high-temperature char zone
contracts and the circulation flow of flue gas disappears gradually.

Fig. 7. NO concentration profiles at the different (a) throat heights, and (b) grate angles.
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It is worth noting that the total NO reduction rate by coal char is
generally equivalent to that by pyrolysis gases in the decoupling
coal stove because of the heterogeneous reducibility of char itself
as well as its catalytic effect on the homogeneous reduction of
NOx [16,63,64].

Total NO production rate in the decoupling coal stove is actually
dominated by the oxidation of char nitrogen, which may increase
with increasing throat height because of the expanded char zone
and increased char temperature, but decrease with increasing
grate angle due to the contracted char zone and decreased char
temperature (Fig. 6). However, the total NO reduction rate in the

whole stove significantly increases with increasing throat height
but slightly decreases with increasing grate angle (Fig. 8). There-
fore, as indicated in Fig. 9, the outlet NO emission decided by the
difference between the total NO production and reduction rates
gradually decreases with increasing throat height or grate angle,
which consolidates the results shown in Fig. 7. The outlet CO emis-
sion is mainly decided by the degree of CO burnout in the decou-
pling coal stove. At a small throat height, most of inlet air tends
to flow into the combustion chamber because of a thin effective
fuel layer, which leads to a small high-temperature char zone as
well as low temperature in the bottom passage, and further incom-

Fig. 9. Variations of outlet CO and NO emissions as well as total O2 consumption rate with (a) throat height, and (b) grate angle.

Fig. 8. Variation of total NO reduction rate in the whole coal stove with (a) throat height, and (b) grate angle.
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plete combustion of CO. This phenomenon can be sharply
improved by increasing throat height at the given grate angle.
However, the incomplete combustion of CO in the combustion
chamber may become significant due to the decreased inlet air
and temperature there at the great throat height of 225 mm, and
thus results in a slight increase of outlet CO emission. Under this
case, total O2 consumption rate decreases clearly, which implies
that the thermal load of stove is much lower than the rated ther-
mal power. Therefore, as indicated by the shaded area in Fig. 9
(a), an optimal range of throat height can be determined as about
160–195 mm corresponding to the tested coal fuel. Similarly, a
small grate angle of 6� leads to very less inlet air flowing into the
bottom passage and the combustion chamber, and thus a high out-
let CO emission. The significant increases of inlet air and tempera-
ture in the combustion chamber help to the burnout of CO though
the high-temperature char zone contracts at the great grate angles
and the small throat heights. However, the grate angle has a signif-
icant effect on the draft of inlet air in the decoupling combustion
stove, which results in that the total O2 consumption rate varies
sharply with grate angle, that is, the thermal load of stove may
deviate very much from its nominal value. Accordingly, as indi-
cated by the shaded area in Fig. 9(b), an optimal range of grate
angle is determined as about 16�–24� based on comprehensive
consideration of pollutant emissions and thermal power.

According to the optimal structural parameters, a newly-
developed decoupling coal stove of 10 kW was produced and
tested in the experimental system to validate the effectiveness of
emission reduction. As shown in Table 5, the simulated results
are in agreement with the experimental data in terms of outlet
NO and CO emissions as well as temperature profile. Burning the
tested bituminous briquettes in the decoupling coal stove, the

experimental values of average outlet NO and CO emissions can
be as low as about (205 ± 21) mg�m�3 and (691 ± 200) mg�m�3, cor-
responding to the simulated values of 275 mg�m�3 and
614 mg�m�3, respectively.

3.2. Development of household decoupling biomass stoves

The decoupling combustion technology can also be utilized to
design household biomass stoves to better take the advantage of
simultaneous pollutant suppression. Suppressing the conversion
of volatile nitrogen is thought to be the main NOx reduction
approach for biomass combustion [65–69]. The rapid release of
volatile matter calls for the enhancement of volatile combustion
and draft condition in the biomass stoves. Therefore, compared
to decoupling coal stoves, smaller throat heights and larger grate
angles are adopted to control the pyrolysis and combustion rates
of biomass fuels in household decoupling stoves. According to
the numerical optimization approach described in Section 3.1,
two types of decoupling biomass stoves of 10 kW were designed
to make full use of the superiority of decoupling combustion tech-
nology to reduce NOx and CO emissions simultaneously.

As shown in Fig. 10(a), an A-type decoupling biomass stove has
a similar structure to the decoupling coal stove, in which the throat
height and the grate angle were numerically determined as
105 mm and 40�, respectively. In addition, the smoke tunnel is spe-
cially designed as a multi-pass structure to extend the residence
time of gas and enable the burnout of combustible gases. The
length, width and height of the A-type decoupling biomass stove
are about 0.60 m, 0.24 m and 0.75 m, respectively. Fig. 10(b) shows
a B-type decoupling biomass stove, which consists of a two-stage
grate structure and an S-shaped pyrolysis chamber. The bottom

Table 5
Pollutant emissions and temperature profile in the decoupling coal stove

Emission/mg�m�3 Temperature/K

NO CO a b c d e

Exp. 205 ± 21 691 ± 200 552 ± 17 1299 ± 14 975 ± 25 737 ± 11 533 ± 8
Sim. 275 614 541 1170 1010 794 530

Fig. 10. Schematic diagrams of decoupling biomass stoves: (a) A-type; (b) B-type. 1—Coal feeding; 2—Baffle; 3—Pyrolysis chamber; 4—Measuring point; 5—Grate;
6—Combustion chamber; 7—Cooking chamber; 8—Heat exchange tube; 9—Adjusting plate; 10—Stove outlet.
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horizontal grate is designed to hold biomass char to form a possible
stable char layer and introduce the secondary air, while the upper
inclined grate with the throat height of 85 mm and the grate angle
of 25� allows the introduction of primary air. The length, width and
height of the B-type decoupling biomass stove are about 0.68 m,

0.24 m and 1.00 m, respectively. In this subsection, the emphasis
will be laid on comparing the performance of the two decoupling
biomass stoves and clarifying their mechanisms for NOx and CO
suppression.

As indicated in Fig. 10, the points a (a0), b (b0), c (c0), d (d0) and e
(e0) represent the characteristic zones including the pyrolysis tops,
the char zones, the throat zones, the combustion chambers and the
outlets of the two decoupling biomass stoves, respectively. Fig. 11
shows the experimental and simulated temperature profiles in the
heating modes of the two stoves. It can be seen that the simulated
results are qualitatively coincident with the experimental data. The
temperature at the point a0 in the B-type stove is lower than that at
the point a in the A-type stove because the high S-shaped pyrolysis
chamber hinders the flow of inlet air and high-temperature flue
gas to the pyrolysis chamber top, which also implies the stronger
reducibility in the pyrolysis chamber of B-type stove. Correspond-
ingly, the temperatures at the points b0, c0, d0 and e0 in the B-type
stove are generally higher than those at the points b, c, d and e in
the A-type stove, respectively. These phenomena are reasonable
because much inlet air is introduced into the char zone and the
combustion chamber in the B-type stove, and further enhances
the heterogeneous and homogeneous combustion reactions there.

As shown in Fig. 12(a), the temperature distribution in the A-
type biomass stove features a high-temperature zone in the throat
and combustion chamber areas because the homogeneous com-
bustion of volatile matter dominates the biomass combustion pro-

Fig. 12. Simulated distributions of (a) temperature; (b) NO concentration; (c) NO reduction rate by pyrolysis gases; (d) NO reduction rate by biomass char in the A-type
decoupling biomass stove.

Fig. 11. Simulated and experimental temperature distributions in the two decou-
pling biomass stoves.

Fig. 13. Simulated distributions of (a) temperature; (b) NO concentration; (c) NO reduction rate by pyrolysis gases; (d) NO reduction rate by biomass char in the B-type
decoupling biomass stove.
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cess [33,70]. However, as indicated in Fig. 6, the highest tempera-
ture zone is generally located at the char combustion region at the
pyrolysis chamber bottom in the coal stove since the char combus-
tion plays a dominant role in the coal combustion. Therefore, as
shown in Fig. 12(b), most of NO is formed in the throat and com-
bustion chamber of the A-type stove. Moreover, unlike the NO con-
centration distribution in the coal stove (Fig. 7), the high NO
concentration area extends into the bottom of pyrolysis chamber
in the A-type stove due to the lack of char reducibility resulting
from the disappearance of stable biomass char layer and gas circu-
lation flow. Correspondingly, as shown in Fig. 12(c) and (d), the NO
reduction by pyrolysis gases mainly happens in the high-
temperature zone, while the NO reduction by biomass char gener-
ally occurs at the bottom of pyrolysis chamber.

Comparing Figs. 13(a) and 12(a), it can be found that the
average and highest temperatures in the throat and combustion
chamber of the B-type stove are higher than those in the A-type
stove, which is consistent with the results indicated in Fig. 11. This
leads to higher NO concentrations in those regions of the B-type
stove (Fig. 13(b)), though the NO reduction rates by pyrolysis gases
and biomass char become higher too (Fig. 13(c) and (d)). In the A-
type stove, the total NO reduction rates by pyrolysis gases and bio-
mass char in the whole computational domain are
0.000361 mol�m�3�s�1 and 0.000113 mol�m�3�s�1, respectively.
Nevertheless, in the B-type stove these two values become
0.000516 mol�m�3�s�1 and 0.000184 mol�m�3�s�1, respectively.
Although the specially-designed two-stage grate structure in the
B-type stove favors the enhancement of NO reduction by biomass
char, much more NO is still produced in B-type stove because of
the increased temperature in the throat and combustion chamber
areas. Moreover, in the both decoupling biomass stoves the total
NO reduction rate by pyrolysis gases is always higher than that
by biomass char, which is different from the situation in the coal
stove and indicates the significance of pyrolysis gases on the NO
reduction in the biomass stove [71–73].

Table 6 shows that the simulated NO and CO emissions are in
agreement with the experimental results in the both biomass
stoves. As discussed before, the outlet NO emission of the A-type
stove is lower than that of the B-type stove, while the variation
trend of the outlet CO emission is contrary to that of the outlet
NO emission. This implies that the key factors of low-NOx

and -CO emissions in the biomass stoves lie in the suppression of
the conversion of volatile nitrogen to NOx in the biomass pyrolysis
process and the formation of NOx in the volatile combustion pro-
cess. This can be implemented by properly decreasing temperature
but increasing residence time of gas in the combustion chamber.

4. Conclusions

The decoupling combustion technology has been proven to
enable the simultaneous suppression of NOx and CO emissions
from household coal stoves, which however calls for optimizing
the stove structure according to fuel type to make full use of its
superiority. For the design of decoupling coal stoves, the combina-
tion of throat height and grate angle should be optimized to take
full advantage of the reducibility of coal char, which is equivalent
to that of pyrolysis gases in the combustion of coal briquettes.

However, much attention should be paid to the optimization of
the structure of combustion chamber as well as the introduction
of secondary air to fully utilize the higher reducibility of biomass
volatiles than that of biomass char in the combustion of biomass
pellets.

By using numerical simulation and experimental validation,
this study obtained an optimal parameter combination of throat
height (160–195 mm) and grate angle (16�–24�) for the household
decoupling coal stove. The NO and CO emissions from the decou-
pling coal stove burning a kind of commercial coal briquettes can
be as low as 205 mg�m�3 and 691 mg�m�3 (9% O2 basis), respec-
tively. According to the combustion characteristics of biomass pel-
lets, two types of decoupling biomass stoves were specially
designed to better utilize the decoupling combustion principle.
Burning a kind of commercial biomass pellets, a so-called A-type
decoupling biomass stove with the similar structure to the decou-
pling coal stove was verified to allow the NO and CO emissions as
low as 250 mg�m�3 and 1099 mg�m�3 (9% O2 basis), respectively.
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