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Abstract
Using a newly developed experimental setup, the features and advantages of an autothermal single-casing atmospheric sub-
bituminous coal fluidized bed air-blown gasifier, combining a combustion and gasification section, and mixing the dispersed 
phase (inert material, char) and heat exchange between them through an annular transfer device, have been revealed. To 
increase the efficiency of the gasifier, an experimental-computational method was developed find the conditions for optimal 
operation, combining changing the annular flow’s geometry and regulating the primary air for gasification. A simple and 
reliable multizone thermodynamic calculation model makes it possible to predict the composition of char and syngas in the 
gasification section with acceptable accuracy. This method confirmed that a two-section fluidized bed gasifier can provide 
efficient gasification of solid fuels and is suitable for use in small-scale cogeneration plants. Syngas with a heating value of 
3.6–4.5 MJ/m3 and CGE of 38.2%–42.3% was obtained in the experimental setup without optimizing the primary air flow 
rate. With optimization, the indicators increased to the heating value of syngas of 5.20–5.34 MJ/m3 and CGE of 42.5%–50.0%. 
With heat regeneration of 0.8, CGE increases to 70%.
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1 Introduction

Many modern solid fuel processes involve the thermochemi-
cal conversion of coal into syngas. Syngas can be burned 
(including cogeneration) directly in power plants and con-
verted into liquid fuels in chemical plants.

Three main gasifier designs are common (Meng et al. 
2006; You et al. 2018) in small- and medium-sized power 
plants (up to 25 MW). There are designed to use local fuels, 
municipal solid waste, and biomass, for embedded genera-
tion (Hansen and Bower 2004):

(1) Simple fixed bed gasifiers with counter-current flows 
that produce syngas with a high content of dust and tar com-
pounds (Luckos and Bunt 2011).

(2) Fixed bed gasifiers with direct flows (inverted gasi-
fiers) that produce high purity gas at a low production rate 
(Antonelli et al. 2017; Ding et al. 2018, 2022), including 
pressurized fixed bed gasifier (Ismail et al. 2020).

(3) Fluidized bed gasifiers.
(3.1) Bubbling fluidized bed (BFB) gasifiers that provide 

high productivity and acceptable syngas quality (Jiao et al. 
2021; Figueroa et al. 2017; Du et al. 2021; Jiang et al. 2021; 
Engelbrecht et al. 2010; Vijay Kumar et al. 2017; Ocampo 
et al. 2012; Chavan et al. 2012; Tomeczek et al. 1987; Lee 
et al. 2002; Gupta and De 2022).

(3.2) Spouting fluidized bed (SFB) gasifiers eliminate the 
use of inert material but require control of oxidizer flow to 
prevent large fuel carryover (Xiao et al. 2006).

(3.3) Circulating fluidized bed (CFB) gasifiers are more 
powerful but require more fuel conditioning and capital 
investment (Ju et al. 2010).

(4) Entrain-flow gasifiers are an alternative higher capac-
ity design developed for integrated gasification combined 

 * Alexander Ryzhkov 
 af.ryzhkov@mail.ru

1 Ural Federal University, Ekaterinburg, Russia 620002
2 Institute of Clean Coal Technology, East China University 

of Science and Technology, Shanghai 200237, China
3 Institute of Thermophysics, Siberian Branch, Russian 

Academy of Sciences, Novosibirsk, Russia 630090

http://crossmark.crossref.org/dialog/?doi=10.1007/s40789-023-00596-3&domain=pdf
http://orcid.org/0000-0002-0555-7196


 N. Abaimov et al.

1 3

   37  Page 2 of 14

cycle (IGCC) power plants (Cloete et al. 2018; Ryzhkov 
et al. 2018) and large chemical plants (Ryzhkov et al. 2016).

(5) Underground gasification units are an alternative to 
traditional gasifiers, allowing for the production of relatively 
cheap syngas. However, there is not always a suitable coal 
seam located near consumers (Wiatowski et al. 2021; Sua 
et al. 2018).

One of the main advantages of BFB gasifiers is their abil-
ity to operate using lignite, sub-bituminous coal (Bläsing 
and Müller 2013), biomass (Alamia et al. 2017) (includ-
ing mixed with coal (Zhakupov et al. 2022)), plastics (Du 
et al. 2021) and some waste (Jiang et al. 2021). These fuels 
are highly reactive and difficult to finely grind. This makes 
them ideal for fluidized bed combustion (Emiola-Sadiq et al. 
2021). The formation of nitrogen oxides is negligible (Yan 
et al. 2021) due to the relatively low temperature of the flu-
idized bed combustion chambers (less than 900 °C). Dry 
slag removal is also supported. Coal ash containing CaO 
allows sulfur (Bläsing and Müller 2013) and  CO2 (Kumari 
and Mohanty 2020) to be retained inside the fluidized bed 
gasifier. In all the above cases, the coal reacts with an oxi-
dizing gas stream, which typically contains oxygen, nitro-
gen, carbon dioxide, steam, or some combination of these 
components. The choice of gas composition is determined 
mainly by economic feasibility (Hamelinck et al. 2004). Fuel 
cells can be used to increase plant efficiency (Li et al. 2021).

The optimal operating parameters required to minimize 
tar emission from coal have been determined in (Matsuoka 
et al. 2021). A sufficiently high concentration of char almost 
completely suppresses the formation of heavy and light tar 
(except for benzene). Figueroa et al. (Figueroa et al. 2017) 
have optimized the air/fuel ratio in the fluidized bed gasi-
fier, while Ryzhkov et al. (Ryzhkov et al. 2004) analyzed the 
placement choice of fuel injection in the combustion section.

Heat is required to drive endothermic gasification reac-
tions and maintain the required bed temperature in gasifiers. 
Heat is generated by the burning part of the syngas, which 
is generated in one-vessel fluidized bed (BFB-1-1) gasifiers 
(Leckner 2016). This happens in a dedicated zone inside the 
fluidized bed (Khan and Wang 2013) or above the reactor 
headspace (Beenackers and Maniatis 1996). In two-vessel 
fluidized-bed (BFB-2-1) gasifiers, heat is generated by the 
burning part of the solid fuel in a separate combustion cham-
ber and transferred to a gasification unit through hot char and 
inert bed material (Hedenskog 2014; Suárez-Almeida 2021). 
Combining fuel combustion and char gasification sections 
into one vessel (BFB-1-2), it becomes technically possible 
to minimize the dimensions of the installation, CAPEX and 
maintenance costs, as well as improve the result product’s 
quality. In addition, multistage fluidized bed reactors can 
capture  CO2 from flue gases (Das 2019).

Khan and Wang (Khan and Wang 2013) studied the 
operation of a two-section gasifier. This gasifier had a 

tube-in-tube design, power of 100 kW, a height of 0.87 m 
and a diameter of 0.4575 m. The central tube is the combus-
tion section, in which part of the fuel is oxidized to release 
the heat needed to gasify the fuel fluidized bed in the annular 
channel (gasification section). The advantage of this technol-
ogy is a high heating value syngas of 16.64 MJ/kg, design 
simplicity and the ability to work at existing stations with 
coal-fired boilers. The disadvantages are the high content 
of tar in the syngas (64.87%), which will not allow the gas 
burn in the internal combustion engine, the need to use hot 
gas cleaning to tar prevent condensation, and a low carbon 
conversion rate  (XC = 0.017%) and volatiles conversion rate 
(60.17%), which makes it necessary to burn the produced 
char in a pulverized coal boiler.

When the sections are arranged vertically rather than 
horizontally, a two-stage design is obtained. An example 
is a two-stage subbituminous steam-oxygen gasifier with a 
1.34 m spouting bed, which is a special case of a fluidized 
bed (Tsuji and Uemaki 1994). The lower stage has a smaller 
diameter (0.114 m) than the upper one (0.2 m), and there 
is a pinch between them. Large particles are gasified in the 
lower stage, while fine particles are gasified in the upper 
stage. Coal enters the lower stage and, after being reduced 
in size, is carried away by the gas flow to the upper stage, 
from which syngas exits from the gasifier. A steam-oxygen 
mixture is supplied to the lower stage, and oxygen to the 
upper stage. This design’s advantages of are a wide range of 
potential fuels, a high carbon conversion rate and CGE. The 
disadvantages are the gasifier’s low capacity and the need 
for oxygen blast.

Another example of a vertical two-section gasifier is the 
COORVED gasifier (Laugwitz and Meyer 2014). This gasi-
fier combines a moving bed in the lower section and SFB 
in the upper section. Such a scheme has the advantages of a 
moving bed gasifier: optimal heat recovery inside the gasifier 
and low capital costs, and the advantages of SFB: relatively 
low specific oxygen demand and high syngas quality. Nev-
ertheless, there are also disadvantages: the need for oxygen 
blast and steam, and the melting of ash with the agglomera-
tion’s formation.

Generating high-quality air-blown gasification syngas for 
power purposes usually requires either oxygen enrichment 
of the blast or an additional heat supply. Oxygen enrichment 
requires an expensive air separation unit and can be used in 
large power plants such as Nakozo (Kaneko et al. 1997). The 
heat supply in one-vessel gasifiers is limited by the recupera-
tive heating of the air blast to temperatures of 350–400 °C. 
When using two-vessel gasifiers, hot (≈600 °C) char and 
air heated (theoretically) up to 350–400 °C are fed into the 
gasification chamber. When carrying out the conversion in 
a one-vessel two-section apparatus with a bubbling fluid-
ized bed, it becomes technically possible to increase the air 
blast’s temperature to the char’s temperature (≈700–900 °C) 
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and thereby improve the conditions of the process and the 
syngas’s quality (by reducing the amount of  RO2, tar, and 
hydrocarbons). This can noticeably raise the cold gas effi-
ciency of the process in the gasification section  (CGEg):

where Gg
s   is  syngas f low rate; Qr

s
  is  syngas heat-

ing value; Bg
c  is char flow rate; Qr

c
  is char heating value; 

dslag (< 3%–5%) refers to losses with ash and slag.
In this case, the  CGEu of the two-section gasifier depends 

on the syngas heating value and raw fuel characteristics:

where Bu
f
 is fuel flow rate; Qr

f
 is fuel heating value.

The gasifier’s operating mode changes depends on the 
distribution of the air flow rate for combustion and gasifica-
tion. The fraction of coal in the gasification section (s) is 
equal to the ratio of the cross-sectional areas of the gasifica-
tion section and the entire gasifier s = (d/D)2. When the gasi-
fier operates in the one-section air gasification mode (s = 1), 
it produces a lot of low heating value syngas ( Gg

s = max, 
Qr

s
 = min). When the combustion section is separated from 

the total volume of the gasifier and its volume is increased, 
the gasification temperature increases, the syngas heating 
value increases, and the syngas yield decreases, as is shown 
in Fig. 1.

The s value characterizes the two most important indica-
tors that determine the gasifier’s operational characteristics. 
On the one hand, the parameter (1-s) characterizes the area 
of the annular flow between the upper and lower stages of 
the combustion section, which controls the quantity and 
quality (elemental composition) of fuel particles entering 
the lower part of the gasifier. On the other hand, the s value 
determines the proportion of these fuel particles entering the 
central tube to produce syngas.

This study’s aim is to develop a method for finding the 
optimal operation conditions of a single-casing two-section 

(1)CGEg =
G

g
s ⋅ Qr

s

B
g
c ⋅ Qr

c

≈ 100 − dslag,

(2)CGEu =
G

g
s ⋅ Qr

s

Bu
f
⋅ Qr

f

,

autothermal atmospheric subbituminous coal fluidized bed 
air-blown gasifier with newly developed experimental setup. 
The change in the parameter s forms a two-parameter opti-
mization task, which is performed step by step: according to 
the design parameter s and according to the regime param-
eter α (stoichiometric coefficient).

The present study also aims to demonstrate through 
experiment and thermodynamic simulation that a two-sec-
tion fluidized bed gasifier can provide efficient gasification 
of solid fuels and is suitable for combustion in small-scale 
cogeneration plants. This could have applications for local 
energy production, for example, as part of a mini-CHP using 
piston engines or small-scale gas turbines (Donskoi et al. 
2015), based on fuel cells (Dubinin and Shcheklein 2017). 
In our case, gas cleaning is required since the presence of 
hydrocarbons causes the formation of highly toxic nitric 
oxide during gas combustion (Hasegawa 2010). The low 
heating value syngas cannot easily ignite and burn stably. 
Tar removal requires expensive equipment, and low heating 
value syngas enrichment needs additional resources. The 
advantages of this approach are relatively low CAPEX and 
simple process conditions.

2  Methods and materials

2.1  Experiment

To overcome the noted disadvantages of two-sectional gasi-
fiers, a single-casing two-sectional fluidized-bed air-blown 
gasifier with vertically arranged combustion and gasification 
sections was developed (Fig. 2). The reactor vessel, made of 
stainless steel tube, had an internal diameter of 0.273 m at 
the bottom and 0.5 m at the top. The gasification section is 
formed by the space below the secondary air inlet plus the 
inner tube (2). Accordingly, the combustion section is the 
space above the secondary air inlet in the annular duct. The 
sections are connected by an overflow annular channel with 
a limited size. Through this channel, part of the syngas exits 
to the combustion section, while also the exchanging heat 
and mass (inert and fuel particles) between the combustion 

Fig. 1  Effect of sectioning on the gasifier
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Fig. 2  Diagrams: a gasifier design; b reaction scheme
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and gasification sections. The central tube’s lower end has 
a height of 0.7 m from the gas distribution grid. This height 
was selected as a result of a search to ensure the syngas 
heating value is at maximum. A mixture of inert material 
(aluminum oxide) is loaded into the gasifier, after which 
air is supplied through the gas distribution grid (3): the bed 
is heated by an external electric heater (4). After reaching 
the temperature regime, coal is supplied. The combustion 
section bed temperature is controlled by a chromel–alumel 
thermocouple (5). The electric heater heating the gasifier is 
switched off in the steady state coal gasification mode when 
a bed temperature of 700 °C is reached. The gasification 
products (syngas) entering the inner tube (2) and immers-
ing in the bed are removed from the gasifier. To control the 
bed temperature in gasification mode, the remaining part of 
the syngas is burned in an annular bed between the gasifier 
external wall and the inner tube (2), where secondary air and 
a mixture of crushed and screened coal with inert material 
are also supplied through the feeder’s holes (6). A turbulator 
(7) was installed on the inner tube to intensify the mixing 
of air and volatile matter. The air flow rate is controlled by 
rotameters (8), and the mixture of coal and inert material 
is controlled by a screw feeder (9). A constant bed height 
in the gasifier (1.3 m) is ensured by the removal of ash and 
inert aluminum particles through a draintube (12) with a 
water seal (13). The combustion products emerging from the 
annular space between the inner tube and the gasifier’s exter-
nal wall are mixed with tertiary air to burn off the residual 
carbon monoxide. The proportion of syngas withdrawn from 
the gasifier through the central tube s is determined by the 
ratio of the gasification section’s cross-sectional areas and 
the entire gasifier s = (d/D)2. In the experiments stainless 
steel tubes with a wall thickness of 1 mm and an internal 
diameter (d) of 0.227 m, 0.236 m and 0.262 m, correspond-
ing to s values of 0.69, 0.75 and 0.92 were used. Thus, the 
combustion section was connected to the gasification section 
by a narrow, slot-like annular channel 0.2 m high and 4 to 
20 mm wide, which significantly affected the circulation of 
fuel and inert particles between the sections and the resi-
dence time of fuel particles in the combustion section. If the 
channel width is changed, the volume and composition of 
the syngas leaving the inner tube will change. With the use 
of a narrow channel, the downward movement of the heated 
particles becomes more difficult, while the residence time 
of fuel particles in the combustion section and the degree of 
their conversion increase. If such particles enter the gasifica-
tion section, the syngas will be free of hydrocarbon pyrolysis 
products. However, in extreme cases, the use of a narrow 
channel can block the downward movement of the particles, 
and the fuel supply to the gasification section will stop. The 
continued operation of the gasifier in this case is possible by 
moving the fuel supply point to the bottom of the gasifier, as 
is done in the previously mentioned two-stage plant (Tsuji 

and Uemaki 1994). With the use of a wider channel and 
improved communication between the sections, the down-
ward movement of the inert and fuel particles increases; 
however, the residence time of the fuel particles from the 
combustion section will decrease, as will the conversion 
degree. In an extreme case, a scenario arises when unpy-
rolyzed particles are supplied to the gasification section, 
which will lead to the production of syngas ballasted with 
tars, as in the previously mentioned two-section technology 
(Khan and Wang 2013). Changes in the qualitative composi-
tion and quantitative characteristics of the particles entering 
the gasification section will be reflected in the demand for 
air volumes supplied to the gasification section. Running 
the gasifier with no tube corresponds to s = 1. The combus-
tion products from the annular space (combustion section) 
and syngas from the central tube (gasification section) are 
removed from the gasifier through separate cyclones (14). 
The cyclones are connected hydraulically to a pressure regu-
lator (8) in order to maintain near atmospheric pressure and 
equalize the bed levels in the central tube and the annular 
space. Gas sampling uses gas removal from the cyclones 
with water-cooled tubes (16). The composition of the sam-
ples was determined on a Gasochrome 3101 chromatograph 
with a relative measurement error of 5%.

The fuel used was subbituminous Borodino coal with a 
particle size distribution typical of bubble fluidization (Fig. 2). 
Belonging to group B according to the Geldart classification, 
this material forms a stationary bubbling fluidized bed when 
blown at relatively low velocities (< 3 m/s). Well-flowing 
corundum powder with a density of 3760 kg/m3 and an aver-
age particle size of 0.32 mm, close to the average particle size 
of the coal, was used as an inert bed material. The primary air 
superficial velocity of u = 0.24 m/s (for the entire section of 
the setup) was set to be lower than the minimum fluidization 
velocity of umf = 0.267 m/s, which made it possible to reduce 
entrainment during gas expansion in the working hot mode 
while maintaining intense heat and mass transfer. The veloci-
ties are calculated under normal conditions (Fig. 3).
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In operating mode (900 °C), the velocity of the hot air 
increases to 0.96 m/s. The minimum fluidization velocity of 
umf for corundum particles will decrease to 0.12 m/s, while 
for coke particles d = 1 mm minimum fluidization velocity 
will be 0.2 m/s. In this mode, the inert material and fuel 
particles will be intensively mixed by gas bubbles. This 
explains the equalization of the temperature over the vol-
ume of the gasifier’s sections and the diffusion flow of non-
volatile carbon particles from the place where coal is loaded 
to the place where the char is unloaded in the gasification 
section (in our plant diagram unloading (drain) is at the top).

The actual velocity of the conversion products leaving 
the fluidized bed due to gas formation will be somewhat 
higher than that of hot air, but still less than the terminal 
(free-fall) velocity of isolated corundum particle (0.32 mm 
ut = 3.5 m/s). However, the smallest particles of fuel and 
inert material will be picked up by the flow, carried out of 
the gasifier into the cyclone.

The characteristics of the supplied coal are given in Table 1, 
the operating conditions of the gasifier in Table 2, and the 
experimental program in Table 3.

As shown in Fig. 2b, at the level of the secondary air 
and coal supply point, the newly formed gases are carried 
away by the gas flow upwards, while char and ash particles 
move downward towards the gas distribution grid. The tem-
perature at the exit from the combustion zone approaches 
the temperature of the fluidized bed (700–900 °C). This 
contributes to the development of adverse reactions (Wang 
et  al. 2020). Some of the resulting products from the 
adverse reactions  (NOx,  SO2,  CO2) interact with char and 
ash particles, as shown in Eqs. (3) and (4) (Pérez-Astray 
et al. 2019; Ding et al. 2015), with the formation of  N2, 
CO,  CaSO4:

(3)NOx(g) + C(s) → 0.5N2(g) + CO(g)

The ash particles, together with the captured sulfur, are 
removed from gasifier in the upper part of the gasification 
section. The total gas flow is distributed between the gasifi-
cation section and the combustion section in the proportion: 
s = (d/D)2—and (1-s), respectively.

2.2  Modelling

As described in the previous section, several reaction zones 
are formed in the two-section gasifier. Two main zones can 
be distinguished—the gasification zone and the combus-
tion zone. These zones do not directly correspond to the 
sections. Therefore, a multizone thermodynamic model has 
been developed to calculate the operation parameters. Simi-
lar models apply to one-section gasifiers (Biagini et al 2016). 
However, a two-section gasifier has its own specifics in the 
form of two separate gas outlets (syngas and combustion 
products).

The developed model is based on the following assump-
tions. The gasifier operates in steady state at a pressure of 
101.13 kPa. The residence time of the reactants inside the 
gasifier is sufficient to achieve chemical equilibrium under 
adiabatic conditions. The supply air is dry at 25 °C and 
101.13 kPa. Ash reaction is not considered. Syngas is an 
ideal gas consisting of CO,  CO2,  H2,  CH4,  H2O, and  N2. The 
combustion products consist of  CO2,  H2O,  N2, and  O2. The 
coal and char contain C, H, N, O, S,  H2O, ash (inert).

(4)SO2(g) + CaO(s) + 0.5O2(g) → CaSO4(s)

Table 1  Ultimate and proximate analysis of Borodinskiy coal and ash 
composition

Parameter Value Parameter Value

LHV (MJ/kg) 19.34 SiO2 (%) 46.8
W (%) 12.0 Al2O3 (%) 12.9
A (%) 9.7 TiO2 (%) 0.6
C (%) 55.9 Fe2O3 (%) 7.9
H (%) 3.9 CaO (%) 25.8
N (%) 1.1 MgO (%) 5
O (%) 17.3 K2O (%) 0.5
S (%) 0.2 Na2O (%) 0.5
Vdaf (%) 47 Slagging start tem-

perature (°C)
950

Table 2  Gasifier operating conditions

Parameter Value

Coke bed concentration 0.1 kg on 1 kg of mixture
Coke mean particle diameter 1 ×  10−3 m
Density of coke 1650 kg/m3

Alumina mean particle diameter 0.32 ×  10−3 m
Density of alumina 3760 kg/m3

Voidage at minimum fluidization 0.48
Total bed height 1.3 m
Secondary air and coal supply height 0.9 m

Table 3  Program of experiments

s d(m) Coal flow 
rate B 
(kg/h)

Primary air 
flow rate V1 
 (m3/h)

Secondary air 
flow rate V2 
 (m3/h)

Total air 
flow rate , 
 (m3/h)

0.69 0.227 25.4 50 65.60 115.60
0.75 0.236 25.4 50 63.20 113.20
0.92 0.262 25.4 50 57.55 107.55
1 None 25.4 50 0 50
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This calculation method has been applied to determine 
the compositions of the syngas, char and combustion prod-
ucts. The complex of calculations is performed according to 
the following algorithm:

(1) determination of the composition of the reagents in 
the gasification section, which allows for obtaining the 
composition of syngas as in the experiment;

(2) excretion of the composition of the char in the gasifica-
tion section from the reagents composition (a mixture 
of air and char);

(3) calculation of the composition of the reagents in the 
combustion section based on the composition of the 
char in the gasification section;

(4) calculation of the composition of the combustion prod-
ucts in the combustion section based on the reagent 
composition.

Char composition is determined based on the following 
conditions:

(1) in the gasification section, only char is gasified, without 
impurities of raw coal;

(2) there is no moisture in the char;
(3) the main components of the char are fixed carbon and 

ash; volatile matter is the smallest part.

The equilibrium composition of the reaction products is 
calculated by the entropy maximization method (EMM). A 
detailed description of the practical implementation of this 
method and its verification are presented in (Gorokhovski 
et al. 2005; Messerle et al. 2017).

It follows from the laws of thermodynamics that in a state 
of equilibrium, an isolated system’s entropy is maximum. 
Therefore, the problem of calculating equilibrium composi-
tion can be reduced to finding the coordinates of the condi-
tional entropy maximum. The principle of maximum entropy 
is valid for any equilibrium system, regardless of the path 
along which the system reached equilibrium (according to 
the second law of thermodynamics):

where S is entropy (J/(kg K)); S(pi)
i

 is entropy of the i-th com-
ponent of the gas phase (J/(mol K)) at the partial pressure of 
its equilibrium state pi = R0Tni/v (Pa); ni is content of the i-th 
gaseous component in the system (mol/kg); Sl is entropy of 
the condensed phase l, which depends only on temperature; 
v is the specific volume of the system; Si0 is standard entropy 
of the i-th component of the gas phase at temperature T and 

(5)

S =

k
∑

i=1

S
(pi)

i
⋅ ni +

L
∑

l=1

Sl ⋅ nl =

k
∑

i=1

(S0
i
− R0ln

R0Tni

v
) ⋅ ni +

L
∑

l=1

S0
l
⋅ nl,

pressure 0.1 MPa; and R0 is universal gas constant (J/(mol 
K)).

The determination of the parameters of the equilibrium 
state consists of finding the values of all dependent varia-
bles, including the numbers of moles of the components and 
phases, at which the value of S reaches its maximum. When 
finding an extremum, additional connections are imposed on 
the values of the unknown unknowns, reflecting the condi-
tions for the system’s existence: the constancy of the total 
internal energy, as for the system is isolated, the constancy 
of the mass of chemical elements, as for a closed system, and 
the general electroneutrality:

where U is internal energy (J/(kg K)); Ui is internal energy 
of the ith component (J/mol K); aji is stoichiometric coef-
ficients; m is the number of chemical elements in the system; 
and bj is the content of the j-th element in the system.

As a result, finding the composition and properties of 
arbitrary composition corresponding to the state of the maxi-
mum entropy of a conditionally isolated system is required 
to solve a nonlinear system of Eqs. (7–11):

where Gi is Gibbs energy of the i-th component (J/(mol K)); 
λj is the Lagrange multiplier of the j-th component.

This system is solved iteratively. The thermochemical and 
thermodynamic characteristics of individual substances are 
taken from (JANAF 1985).

(6)

−U +

k+L
∑

i=1

Ui ⋅ ni = 0;bj =

k+L
∑

i=1

ajini, j = 1, 2,…m;

k
∑

i=1

aeini = 0,

(7)

Gi − R0ln
R0T

v
− R0lnni +

m
∑

j=1

aji�j + aei�e = 0, (i = 1, 2,… k);

(8)

(

Gl +

m
∑

j=1

ajl�j

)

⋅ nl = 0, (l = 1, 2,…L);

(9)
k+L
∑

i=1

ajini − bj = 0, (j = 1, 2,…m);

(10)
k
∑

i=1

aeini = 0;

(11)R0T

k
∑

i=1

ni − pv = 0;

(12)
k+L
∑

i=1

Uini − U = 0,
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The equilibrium composition of the reaction products almost 
does not contain methane. However, the rate of its decomposi-
tion is quite low. Therefore, in the calculation it is assumed that 
methane is equal to the experimentally obtained values.

Coal with a known composition is supplied to the com-
bustion section; however, it is not coal that enters the gasifi-
cation section, but the product of its conversion—char with 
an unknown composition, which varies depending on α and 
s. To determine the composition of char in the gasifica-
tion section, thermodynamic calculations were carried out 
according to the algorithm shown in Fig. 4.

3  Results and discussion

3.1  Char composition

The experiment was carried out with s = 0.69–1, but the calcu-
lation was carried out with s = 0–1 in order to get a complete 
picture of the dependence of the gasifier parameters on s. As 
seen in Fig. 4, the composition of the syngas is determined 
based on char composition, so determining this parameter is a 
paramount task. Char composition for cases with s < 0.69 was 
determined by extrapolation of the data obtained for s > 0.69.

Char composition is shown in Fig. 5. In the case of 
s = 1, there was no gasification section; that is, syngas 
was produced not from char, but from coal. Therefore, 
the figure for s = 1 shows not the composition of the 
char, but the composition of the reacting part of the coal 
(XC≈40%). The second extreme point is mode s = 0, 
which was not in the experiment, unlike s = 1. In this 

mode (s = 0), there is no gasification section, and the 
syngas consumption is zero; therefore, s = 0.001 is taken 
as the extreme point for calculations. At this extreme 
point, the carbon content in the char is maximum and the 
ash content minimal; that is, char composition is as close 

Fig. 4  Algorithm for determining char composition
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and reagents composition

Operation temperature and
pressure, char composition and α

Syngas equilibrium 
composition calculation

Is calculating syngas 
composition equal to 
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as possible to coal composition. In the case of s → 1, the 
exchange between the combustion and gasification sec-
tions becomes more difficult, while the residence time 
of the fuel particles in the combustion section and the 
degree of pyrolysis increase. In this mode, the amount of 
carbon in the char, as well as H and O is minimal. Con-
versely, with a decrease in s and an improvement in the 
connection between the combustion and gasification sec-
tions, the residence time of fuel particles in the combus-
tion section decreases, as does the degree of pyrolysis. 
This logic is reflected in Fig. 1. The char heating value 
is is defined as:

With the increase of s, the ash content in the char 
increases and the content of volatile matter decreases 
since fuel with a higher degree of burnup from the com-
bustion section enters the gasification section. At the 
same time, αg increases, since the air flow rate remains 
unchanged, and the amount of combustibles in the char 
decreases, which leads to a decrease in the syngas heat-
ing value, as shown below. To calculate αg, the equation 
is applied:

To determine the mode of coking on the graph, αc is α 
carbonization was plotted, calculated by the formula:

At s < 0.3 αg < αc, free carbon forms in the system.

3.2  Syngas composition

The experimental and EMM syngas compositions for dif-
ferent values of s are shown in Fig. 6. Nitrogen is not 
shown in the graph for convenience. The syngas heating 
value is determined by the equation:

where r is the amount of gases in the synthesis gas (% vol).
CGE is calculated by the equation:

(13)Qf =
339 ⋅ C + 1025 ⋅ H − 108.5 ⋅ O

1000
.

(14)�g =
0.0889 ⋅ C + 0.265 ⋅ H − 0.0333 ⋅ O

V1 ⋅ B
.

(15)�c =

C

12
− (

2 ⋅O

16
+

W

18
)

2 ⋅C

12
+ 0.5 ⋅

(

H

1
+

2 ⋅W

18

)

−

(

2 ⋅O

16
+

W

18

) .

(16)Qg
s
=

12.63 ⋅ rCO + 10.78 ⋅ rH2
+ 35.83 ⋅ rCH4

100
,

(17)CGE =

Qr
s
⋅ (s ⋅ V1 ⋅

ra
N2

rN2

)

Qr
f
⋅ B

,

where Qr
s
 is the syngas heating value (MJ/m3); V1 is primary 

air flow rate  (m3/h); rN2
 is nitrogen in syngas (% vol.); ra

N2
 

is nitrogen in air, %, ra
N2

 = 79%; Qf is coal heating value (MJ/
kg); B is coal flow rate (kg/h). This equation is suitable for 
calculating the conversion of coal with a low nitrogen con-
tent, in our case 1.1%. To calculate XC, the equation is used:

where M(C) is the carbon molar mass, M(C) = 12 kg/kmol; 
ν is molar volume of ideal gas, ν = 22.4  m3/kmol; B is coal 
flow rate, B = 25.4 kg/h.

From the figure, we see that in the experimental range 
s = 6.69–1, as s increases, the temperature drops from 990 
to 770 °C, which is explained by an increase in the total α c 
and cooling of the layer by excess cold air. In the calculated 
range s = 0–0.69, the temperature was set at 990 °C as in 
the experimental mode s = 0.69, in which the total α = 1. 
At the same time, the concentrations of the combustible 
components of the syngas also fall, which is explained by a 
decrease in the amount of volatile substances in the char. At 
s < 0.3, free carbon appears in the system (due to αg < αc), 
so the CO concentration starts to decrease. The composition 
of the resulting syngas is typical for coal gasifiers, but the 

(18)
XC =

s ⋅ V1

ra
N2

rN2

⋅M(C) ⋅ (rCO + rCO2
+ rCH4

)

C ⋅ � ⋅ B ⋅ 100
,
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heating value exceeds the heating value of some biomass 
gasifiers syngas by 30% (Figueroa et al. 2017).

CGE in the experiment ranges from 38.2% to 42.3%, 
although the heating value decreases as s increases from 4.7 
to 3.2 MJ/m3. This is because with an increase in s, the yield 
of syngas increases in direct proportion, which increases 
CGE. Syngas with this heating value can be used as fuel for 
internal combustion engines (Castro et al 2022). The non-
monotonicity of CGE and its peak at s = 0.69 is explained 
by the maximum temperature of the process, which leads to 
an increase in the rates of all reactions in the experiment. At 
s < 0.3, the reagent gases become insufficient for complete 
carbon gasification, which leads to a constant syngas heating 
value in this range. Therefore, it makes no sense to reduce s 
below 0.3, since the heating value will not exceed 6 MJ/m3.

A maximum CGE of 42.3% is achieved at s = 0.92, how-
ever, this mode has a minimum heating value of 3.6 MJ/m3, 
which must be taken into account when using this syngas 
as a fuel for internal combustion engines or small-scale gas 
turbines.

When analyzing XC, it can be seen that its change is 
similar to the change in CGE. With optimal s = 0.92, the 
XC parameter is 62%. This means that 48% of the carbon 
converts to the combustion products  CO2 and to the unburnt 
char in the combustion section. In the limiting case s = 1, 
the XC parameter is 60%. However, in this case, there is no 
separation into sections and all the formed  CO2 is in the 
syngas, as well as the entire unburnt char is in one section.

In addition, this simulation makes it possible to deter-
mine the concentration of harmful emissions:  H2S = 0.04%, 
 NOx = 5 ppm. However, it is known that calcium in ash 
binds sulfur compounds (Bläsing and Müller 2013). The 
high concentration of  CO2 and the reducing atmosphere 
of the reaction decrease the release of nitrogen oxides (Ma 
et al. 2021). The high Ca/S ratio of coal (6.8) also indicates 
the low amount of sulfur compounds (Dubinin et al. 2021; 
Sheng et al. 2000) and nitrogen oxides (Xiaorui et al. 2021) 
in the resulting syngas. The inclusion of calcium in the ther-
modynamic calculation will make it possible to clarify the 
concentration of harmful substances.

3.3  Influence of temperature on the syngas 
composition

The gasification temperature in the fluidized bed is limited 
on the one hand by the temperature required for sufficient 
rates of chemical reactions (about 700 °C), and on the other 
by the temperature of the start of slagging (about 1000 °C). 
In this temperature range, the composition of the syngas was 
calculated at s = 0.92. The dependence of syngas composi-
tion on temperature is shown in Fig. 7.

It can be seen from the figure that as the temperature 
increases, the concentrations of CO and  H2O increase, 

while those of  CO2 and  H2 decrease. This is due to the 
equilibrium shift in the water gas shift reaction. At the 
same time, the heating value practically does not change. 
Obviously, an increase in temperature leads to an increase 
in the rate of chemical reactions and the degree of fuel 
conversion rate, but the thermodynamic model used does 
not take into account kinetic limitations. Lowering the pro-
cess temperature can be beneficial when it is necessary to 
increase the  H2/CO ratio in the syngas (in chemical plants 
or in  CO2 capture and storage).

3.4  Influence of primary air flow

In order to prevent the decrease in the syngas heating value 
at s > 0.3 and the formation of free carbon at s < 0.3, it is 
necessary to supply the primary air flow with αc, i.e. 
increase the gas velocity more than 0.24 m/s at s < 0.3 and, 
vice versa, decrease it at s > 0.3. Figure 8a shows the air 
velocities in the installation, reduced to stoichiometric 
gasification air flow rates under the grate, depending on s 
at temperatures of 20 and 900 °C. For cold air, only at 
s → 0 does the air velocity increase to a value of minimum 
fluidization velocity umf = 0.267 m/s. In the operating 
mode, at an air temperature of 900 °C, the air velocity is 
in the range of 0.536–1.1 m/s ( u

umf

= 4.5–9.1—the mode of 
developed bubble fluidization) and does not reach the ter-
minal velocity of corundum particle ut = 3.5 m/s and coke 
particles of 7.4 m/s. At αc, synthesis gas consists of  H2, 
CO, and  N2, since there is not enough oxygen to form  H2O 
and  CO2. The composition of the syngas (Fig. 8b) changes 
insignificantly—H2—10–14%, CO—34–32%, Qg

s—
5.2–5.7 MJ/m3 (Fig. 8c). Syngas with such a heating value 
is widely used for combustion in internal combustion 
engines (Perrone et al. 2023). The maximum is more pro-
nounced. CGE increases by almost 8% and reaches 50%, 
which indicates the expediency of a fine selection of pri-
mary air flow. At the same time, thermodynamic calcula-
tions of the equilibrium composition of syngas were 

0
0.5
1
1.5
2
2.5
3
3.5
4
4.5

0

5

10

15

20

700 750 800 850 900 950 1000

Qs
g, MJ/m3r, % mole

T,°C

H2 CO CO2 CH4 H2O Q

Fig. 7  Dependence of syngas composition on temperature



Investigation into the operation of an autothermal two‑section subbituminous coal fluidized…

1 3

Page 11 of 14    37 

carried out without taking into account the kinetics of 
chemical reactions; accordingly, the results are idealized. 
In a real installation, not all oxygen can react with the fuel, 
so αg must be greater than αc. Therefore, further studies 
are planned using the CFD method and taking into account 
the kinetic features of the process. XC with αc is calculated 
by the equation:

3.5  Effect of regeneration on CGE

The gasifier CGE at different s is obtained using the syngas 
yield 2.08  m3 of gas per kg of coal on a dry basis. This value 

(19)
X
�c

C
=

s ⋅ V1 ⋅

�c

�g

⋅

ra
N2

rN2

⋅M(C) ⋅ (rCO + rCO2
+ rCH4

)

C ⋅ � ⋅ B ⋅ 100
.

is determined by the composition of the gasification products 
shown in Fig. 3a.

The ratio of CGE with regeneration to CGE without it was 
determined:

where  CGEreg is CGE with regeneration (%); reg refers to the 
degree of regeneration. The results are presented in Fig. 9.

With a technically achievable degree of waste gas heat 
recovery reg = 0.8. CGE increases up to 70%.

3.6  Comparison of the results with literature data

Comparison of the results with literature data is presented 
in Table 4.

It can be seen from the table that the optimized gasifier 
under study produces syngas with the highest heating value 
among all BFB and is second only to CFB. This is achieved 
by allocating a separate section for gasification and a sepa-
rate section for combustion. The part of the coal that burns 
in the combustion section transfers heat to the gasification 
section through the central tube wall, with the inert material 
and with the char. However, the  CO2 that is formed in this 
process does not mix with the syngas and is removed by a 
separate stream of combustion products.

CGE of the studied gasifier is inferior only to one of BFB. 
This is due to the fact that in the BFB there is air heat-
ing up to 300–350 °C, which allows you to burn less coal 
to produce the heat necessary for endothermic gasification 
reactions.

The relatively low XC in the studied gasifier is again 
explained by the division into two sections. A fairly large 
amount of carbon is burned in the combustion section. How-
ever, in this case, a relatively hot gas flow is formed in the 
combustion section, which can be used to heat the primary 
air of the gasifier, or to transfer it to external consumers, for 
example, to a gas turbine or heat recovery steam generator. 

(20)CGEreg = 1 +
(

1 −
CGE
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⋅ reg,b)
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Such a scheme makes it possible to recover part of the heat 
and increase the efficiency of the gasifier up to 70%, as 
shown in the previous paragraph. In another two-section 
gasifier (Khan and Wang 2013), discussed in the introduc-
tion, the unburned carbon must be disposed of in a separate 
pulverized coal boiler, which complicates and increases the 
cost of the plant layout as a whole. In our case, it is possible 
to burn almost all carbon of the fuel due to the high flow 
rate of secondary and tertiary air in the combustion section, 
which makes the plant layout simpler and cheaper.

4  Conclusions

(1) Using a newly developed experimental setup, the features 
and advantages of an autothermal single-casing atmospheric 
subbituminous coal fluidized bed air-blown gasifier, combin-
ing a combustion section and a gasification section, with 
mixing of the dispersed phase (inert material, char) and heat 
exchange between them through an annular transfer device, 
were revealed.

(2) To increase the efficiency of the gasifier, an experi-
mental-computational method has been developed for find-
ing the conditions for optimal operation, combining changes 
to the geometry of the annular flow and regulation of the 
primary air for gasification. A simple and reliable multizone 
thermodynamic calculation model makes it possible to pre-
dict the composition of char and syngas in the gasification 
section with acceptable accuracy. This method confirmed 
that a two-section fluidized bed gasifier can provide efficient 
gasification of solid fuels and is suitable for use in small-
scale cogeneration plants.

(3) A two-parameter optimization task is solved, which 
is carried out step-by-step: in terms of the design parameter 
s and in terms of the regime parameter α. Optimization at 
the first step increased the heating value from 3.6 to 4.5 MJ/
m3 (by 25%) and the CGE from 38.2% to 42.3% (by 10.7%). 
Optimization at the second step further increased the heat-
ing value from 3.6 to 5.3 MJ/m3 (by 27%) and the CGE 
from 38.2% to 42.5% (by 11.2%). The overall increase in 
the syngas heating value is 3.6–5.34 MJ/m3 (by 48%) and 
the CGE is 38.2%–50.0% (by 31%). With heat regeneration 
of 0.8, CGE increases to 70%. Optimal gasifier operating 
parameters: s = 0.92 (d = 0.262 m), B = 25.4 kg/h, V1 = 34.5 
 m3/h (αg = αc).
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Table 4  Comparison of the 
results with literature data

Gasifier T, °C Qs
g, MJ/m3 CGE, % XC, %

SFB (Xiao et al. 2006) 940–950 3.6–4.7 46–59 62–79
CFB (Ju et al. 2010) 970–1030 2.9–5.8 42–73 46–93
BFB-1-1 (Tomeczek et al. 1987) 840–900 3.4–4.5 – 55–63

845–920 2.9–4.2 – 55–65
BFB-1-1 (Lee et al. 2002) 750–900 1.7–2.8 17–22 30–45
BFB-1-1 (Engelbrecht et al. 2010) 948 2.8 – 85.9

978 2.9 – 67
BFB-1-1 (Ocampo et al. 2012) 812–872 2.7–3.3 – 47–69
BFB-1-1 (Chavan et al. 2012) 860–932 2.19–5.17 – 58–92
BFB-1-1 (Vijay Kumar et al. 2017) 922–1040 2.84–4.81 61–78 75–84
BFB-1-1 (Gupta and De 2022) 811–895 1.77–3.0 29–46 71–85
BFB-1-2 without optimization 770–990 3.6–4.5 42–42.3 53–62
BFB-1-2 with optimization 770–990 5.2–5.34 42.5–50 49–57
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