Chapter 122

Simulation of Bio-syngas Production
from Biomass Gasification via Pressurized
Interconnected Fluidized Beds

Fei Feng, Guohui Song, Laihong Shen and Jun Xiao

Abstract Bio-syngas production from biomass gasification via pressurized
interconnected fluidized beds was described. The interconnected fluidized beds
technology separates the gasification and combustion processes of biomass, and
the heat is transferred from combustor to gasifier by bed materials, while extra heat
needed in gasification process is provided by additional biomass burning in the
combustor. The simulation of the whole process was carried out with Aspen Plus
software. The effects of gasification temperature (7,), gasification pressure (p)
and steam to biomass ratio (S/B) on bio-syngas production were studied. The
results showed that gasification temperature, gasification pressure, and S/B had
great influences on the bio-syngas composition and to achieve high carbon con-
version and yield of high-quality bio-syngas, the suitable gasification temperature
is around 750 °C, and the gasification pressure and S/B could not too high.

Keywords Pressurized - Interconnected fluidized beds - Bio-syngas + Simulation -
Biomass gasification

122.1 Introduction

Since biomass is one kind of renewable, clean energy, and can achieve the goal of
CO, zero-emission and reduce the greenhouse effect during its industrial utiliza-
tion, its development and employment has obtained great attentions all over the
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world [1]. Biomass gasification is considered as a key technology in reaching
targets for renewable energy and CO, emissions reduction [2]. After proper
purification and conditioning, bio-syngas from biomass gasification composed
mainly of CO and H, can be synthesized to methane, methanol, gasoline, and
diesel oil [3—6]. So many researchers have done a lot of work about the bio-syngas
production from biomass gasification, including gasification agents, reactors,
catalysts, and so on. For instance, the oxygen-rich air was used as the gasification
agents to avoid the dilution of bio-syngas with the inert nitrogen of air, while some
researchers used a mixture of air and steam as gasification agents to produce bio-
syngas with relatively higher H,/CO ratio to meet the requirements of the further
synthetic reactions [7-9].

This article intends to study the laws of bio-syngas production with biomass
gasification from a new perspective of simulation. The process simulation with
Aspen Plus software was carried out to demonstrate the effects of operating
parameters, like gasification temperature, gasification pressure and the ratio of
steam to biomass fed into the gasifier (S/B), on the bio-syngas composition, yield,
and carbon conversion of biomass. These results provided reference data for the
further study of biomass gasification.

122.2 Materials and Methods

Gasifier is the core equipment of the biomass gasification process, which can be
classified as fixed bed gasifiers and fluidized bed ones. The interconnected fluid-
ized beds gasifiers are evolved from the conventional fluidized bed gasifiers [10].
The scheme of biomass gasification in interconnected fluidized beds is illustrated
in Fig. 122.1 [11]. It is in a loop with end-to-end configuration composed of a
circulating fluidized bed as a combustor, and a bubbling fluidized bed as a gasifier.
The circulating fluidized bed is designed for combustion fed with air as gasifi-
cation agent and the bubbling fluidized bed for biomass gasification fed with steam
as gasification agent. The gasification-required heat is achieved by means of the
circulation of bed particles (sand, ash, etc.), which serve as the heat carrier and
circulate in the system. In this way, the gasification and combustion processes are
separated from each other [12, 13].

Fig. 122.1 Bio-syngas
production from biomass
gasification in interconnected
fluidized beds
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The whole biomass fed into the interconnected fluidized beds is divided into
two parts, which are BiomC and BiomG, respectively. One part (BiomG) is fed
into the bubbling fluidized bed (gasifier), where the biomass mixes with the steam
and hot bed particles, and the intense exchange of heat and mass occurs. Then the
volatile compounds in the biomass evaporate, followed by the pyrolysis of the
biomass. The reactions between gaseous product after pyrolysis combined with
solid residual and steam occur, where gases such as CO and H, are generated [12].
The reactions occurring in the gasifier include [14, 15]:

Water gas: C + H,O0 — CO + Hp + AH?(ZQSK), AH?(Z%K>
= +130.414 kJ/mol (122.1)

Water-gas shift: CO + HyO — COy + Hy + AH{eex), AH{nog)
= — 42.200 kJ /mol (122.2)

Boudouard: C + CO; — 2CO + AHpg¢), AHjposx) = + 172.615 kJ/mol
(122.3)

Methanation: C + 2H; — CHy + AHjp05¢), AHfjp05) = — 74.900 kJ/mol
(122.4)

Steam reforming: CHy + HyO — CO + 3H; + AH{jp0x), AHfsx)
= +205.310 kJ/mol
(122.5)

The other part (BiomC) is burnt in a circulating fluidized bed (combustor)
where the bed particles carry a great deal of heat. The flue gas carrying hot bed
particles from the combustor passes through a separator, where the hot particles
are separated from the flue gas and pass into the gasifier, providing the heat needed
for the biomass gasification. The unseparated particles are expelled from the
system in the form of flowing ash with the flue gas. The char mixed with the cold
bed particles in the gasifier is back-passed into the combustor to combust.

122.3 Process Simulation

Based on the application of Aspen Plus software, the following assumptions were
made [12, 16]:

(1) The combustor and the gasifier were operated under a steady state, and the
reactions reached the chemical equilibrium.
(2) Pressure losses in the combustor and the gasifier were not considered.
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(3) The product gas of biomass gasification included H,, CO, CO,, CHy, H,0, N,,
H,S, NH;, COS, and SO, and the solid products were ash and unburnt carbon.
Tar was not taken into account.

(4) Ash in biomass and bed particles (sand) were inert and would not participate in
the chemical reactions.

The simulation flowchart of bio-syngas production from biomass gasification in
pressurized interconnected fluidized beds was shown in Fig. 122.2. The whole
model mainly consisted of two basic modules, a gasification module and a com-
bustion module. The gasification module was composed of a pyrolyzer and a
gasifier, and the combustion module included a decomposer and a combustor. The
pyrolyzer block corresponded to Ryield block of Aspen Plus, whose function was
to decompose biomass into simple components. Unreacted char from the gasifier
was separated by a cyclone, and sent to the combustor of the combustion module.
The bed materials from the combustor (sand) were circulating, whereby the heat
was carried from the gasification module to the combustion module. Water was
heated in the steam generator with the flue gas from the combustor to provide the
gasifier with steam as the gasification agent.

The whole model of gasification module and combustion module was based on
the principle of minimization of Gibbs free energy, which originated from the
Rgibbs block of Aspen Plus. The Gibbs free energy is minimal when the chemical
equilibrium for the process is achieved [17]. Based on mass balance, chemical
equilibrium, and energy balance between the gasifier and the combustor, the
mathematical model for the gasification process was set up.
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Fig. 122.2 Simulation flowchart of bio-syngas production from biomass gasification in
pressurized interconnected fluidized beds
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122.4 Operating Conditions and Primary Parameters

The biomass sample was the pine sawdust from Jiangsu Province, China. The
proximate analysis and the ultimate analysis of biomass were illustrated in
Table 122.1.

The operating conditions and primary parameters in the simulation were shown
in Table 122.2.

122.5 Results and Discussion
122.5.1 Influences on Product Gas Composition

The product gas from biomass gasifier was mainly composed of bio-syngas
(H, + CO), CO, and CH,. Figures 122.3, 122.4, 122.5 showed the influences on
its composition.

The product gas composition was shown as a function of gasifier temperature in
Fig. 122.3. In the case where the gasifier pressure remained 0.4 MPa and the S/
B was 0.6, the bio-syngas content was varied around 60-90 mol % at the gasifier
temperature range of 650-950 °C and with the rise of gasifier temperature, it
increased and kept nearly constant at the temperature of about 800 °C, whilst the
CO, and CHy content decreased correspondingly. The product gas composition in
the biomass gasifier is the result of the combination of a series of complex and

Table 122.1 Proximate and

. . ; Proximate analysis (wt%) Ultimate analysis (wWt%)

ultimate analysis of biomass -
Moisture 789 C 40.06
Fixed carbon 1477 H 5.61
Volatile 75.78 O 43.88
Ash 1.56 N 0.90
Low heating value (MJ/kg) 1447 S 0.10

Table 122.2 .Input.data for  parameters Value

the process simulation
Room temperature 25 °C
Biomass-flow rate of gasifier 3 kg/h
Air inlet temperature 25 °C
Air flow rate 7 m*/h
Combustor temperature 750-1,050 °C
Gasifier temperature 650-950 °C

Feed water inlet temperature 25 °C




1150 F. Feng et al.

Fig. 122.3 Effect of 100 7 p=0.4 MPa $/B=0.6
gasification temperature on 90 4 N
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competing reactions, as given in reactions (122.1)—(122.5). Reactions (122.1),
(122.3), and (122.5) occurring in the gasifier are intensive endothermic processes,
while the reactions (122.2) and (122.4) are exothermic ones. As a result, higher
temperatures favor the endothermic reactions and the production of bio-syngas.

The effect of gasification pressure on product gas composition was shown in
Fig. 122.4, which indicated that as the gasification temperature was 750 °C and S/
B was 0.6, with the increase of gasification pressure, the bio-syngas content
decreased, while the CO, and CH,4 content increased correspondingly. This was
because the increase of pressure would promote the gasification reactions toward
the direction that led to volume reduction, which favored the reaction (122.4),
while led the reactions (122.3) and (122.5) to the opposite direction.

Fig. 122.4 Effect of 100 7 7=750°C S/B=0.6
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Fig. 122.5 Effect of S/B on 100 - T=750°C p=04MPa
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Figure 122.5 indicated the influence of S/B on product gas composition. When
the gasification temperature was 750 °C and the gasification pressure remained
0.4 MPa, as the S/B increased, the bio-syngas content was not affected so evi-
dently, while CH4 content decreased and the CO, content increased. More S/
B meant more steam participated in the reactions, which would promote reactions
(122.1), (122.2), and (122.5) toward the right direction.

122.5.2 Influences on Carbon Conversion of Biomass

One parameter of carbon conversion of biomass can be used to investigate the
effect of different operating parameters in the gasifier on the gasification process.
The carbon conversion of biomass was defined in Eq. (122.6).

gasified carbon in the gasifier (kg)

Carbon conversion of biomass = - -
carbon of biomass fed into the system (kg)

(122.6)

The effect of gasification temperature on carbon conversion at different gasi-
fication pressure was indicated in Fig. 122.6. When S/B was kept 0.6, with the rise
of gasification temperature, the carbon conversion of biomass decreased corre-
spondingly at the same gasification pressure. This was because higher gasification
temperature meant more biomass was fed into the combustor and less biomass into
the gasifier, which resulted in a decrease of carbon conversion.

Figure 122.6 also showed that at the same gasification temperature, with the
increase of gasification pressure, the carbon conversion of biomass increased, too,
which indicated that higher gasification pressure favored the carbon conversion.
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S/B also had great influence on the carbon conversion of biomass. As shown in
Fig. 122.7, in the case where gasification temperature was 750 °C and the gasi-
fication pressure was 0.4 MPa, with the increase of S/B, the carbon conversion
increased and then decreased, and reached maximum for the S/B of about 0.4.

As the S/B was lower than 0.4, there was not enough steam to react with the
biomass, and reactions (122.1), (122.2), and (122.5) may not reach a state of
completion. With the increase of S/B, more steam took part in the above reactions
and made the carbon conversion increase. However, larger S/B meant excessive
water was fed into the system, which resulted in more carbon that was needed in
the combustor to provide heat to make the water evaporate and overheat. Thus,
less biomass went into the gasifier, which led to a decrease of the carbon
conversion correspondingly.

Fig. 122.7 Effect of S/B on
carbon conversion of biomass
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122.5.3 Influences on Bio-Syngas Yield

Bio-syngas yield is another important parameter to describe the gasification pro-
cess of biomass, which can be defined as

bio-syngas in the gasifier (mol)

Bio- ield =
107syngas yie biomass fed into the system ( dry and ash free, kg)

(122.7)

Figure 122.8 showed the influence of gasification temperature on bio-syngas
yield at different gasification pressure. In the case where S/B was 0.6, bio-syngas
yields all increased with the rise of gasification temperature and almost kept a high
value after the temperature reached 750 °C and above. The reason was that higher
temperature favored the bio-syngas production, while the gasification pressure had
a weak effect on it at high temperature.

S/B also had great influence on the bio-syngas yield, as shown in Fig. 122.9.
In the case where the gasification temperature maintained 750 °C and the gasifi-
cation pressure was 0.4 MPa, bio-syngas yield increased at first, reached the
maximum value when S/B was around 0.6, and then decreased. The reason was
somewhat the same as the explanation of the variant of carbon conversion of
biomass. With the increase of S/B, more steam participated in the biomass gasi-
fication process and promoted the bio-syngas production, while the lager S/B value
meant more water was needed in the system and resulted in the reduction of
biomass fed in the gasifier. As a result, the bio-syngas yield decreased as S/B was
larger than 0.6.
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Fig. 122.9 Effect of S/B on 38
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122.6 Conclusions

With the Aspen Plus software, simulation of bio-syngas production from biomass
gasification via pressurized interconnected fluidized beds was carried out. Some
valuable results were obtained as follows.

ey

(@)

3

“

Bio-syngas content in the product gas was influenced by the gasification
temperature, pressure, and S/B. It increased with the gasification temperature
rising, while the gasification pressure and S/B had a weak effect on it.

When S/B remained 0.6, the carbon conversion of biomass decreased with the
increase of gasification temperature at the same gasification pressure, while it
increased with the rise of gasification pressure at the same gasification tem-
perature. In the case where gasification temperature was 750 °C and the
gasification pressure 0.4 MPa, with the increase of S/B, the carbon conversion
increased and then decreased, and reached maximum as the S/B was about 0.4.
When S/B was kept 0.6, bio-syngas yield almost increased with the increase of
gasification temperature at different gasification pressure. It kept a high value
as the gasification temperature was higher than 750 °C.

To achieve a high content of bio-syngas and high carbon conversion and bio-
syngas yield, the gasification temperature could be higher than 750 °C, and the
gasification pressure and S/B could not be too high.
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