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Abstract: A multistage atmospheric fluidized bed gasifier was developed using the Aspen Plus
simulation process. The innovative gasification reactor aims to yield a high-quality product gas as it
conducts pyrolysis, combustion, and reduction in different zones. In addition, it uses gas as a heat
carrier and has a fluidized char bed in the reduction zone to enhance the in-situ tar reduction. In order
to study the feasibility of the gasifier, an evaluation of the product gas and the process efficiency is
required. The proposed model was based on the reaction rates and hydrodynamic parameters of the
bubbling bed. Four different stages were initially considered in the simulation process: decomposition
of the feed, partial volatile combustion, char reduction, and gas solid separation. The gasification
reactor was operated over a temperature range of 800–1000 ◦C and an isothermal combustion reactor
was operated at 1000 ◦C. In addition, the air to biomass mass ratio was varied from 0.2 to 0.5. It has
been validated and displayed very good agreement with published data. Effects of gasification reactor
temperature, air to biomass ratio, and gasifier dimensions on the composition of product gas were
investigated Results showed that the principal component is CO and its concentration in the product
gas increases with increase in gasifier temperature but decreases with increasing air to biomass ratio.
The results also gave a relatively high value of the lowered gas caloric value and acceptable cold gas
efficiency which help the sizing of gasifiers and the choice of optimal operating conditions.

Keywords: fluidized-bed; multistage gasifier; Aspen Plus

1. Introduction

Biomass is characterized by its diversity, abundance, and renewability. It is accordingly considered
one of the most important sources of renewable energy [1]. It is an important renewable energy source
as it helps with the increasing energy utilization in addition to satisfying the requirements of sustainable
development with near zero CO2 emissions [2,3]. Biomass gasification has gained worldwide attention
thanks to its high energy conversion efficiency as well as its ability to operate with important ranges of
biomass feedstocks. It is a thermo-chemical process that uses heat, involving pyrolysis, combustion,
and reduction, to convert biomass into producer gas/synthesis gas (syngas) through a series of
heterogeneous and homogeneous reactions. Synthesis gas usually contains H2, CO, CH4, N2, and other
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undesirable components such as CO2 and tar, and can be used for different purposes: generation of
other valuable products for the chemical industry as well as power and heat [4].

Several factors can affect the composition of product gas and the concentration of its impurities [5],
such as the reactor design, the gasifying agent and its velocity, the temperature of the reactor, etc. In fact,
biomass gasification can occur in typical single stage reactors or in multistage ones. Depending on
the gas velocity, gasification can take place in different regimes, for instance, fixed bed, bubbling bed,
and circulating bed. Loha et al. [6] stated that fluidized beds are preferred for the gasification of
biomass as they promote the solid feedstock conversion by an excellent mixing and contact between
gas and solid particles. In addition, integrating char in the fluidized bed can be used as an effective
means for tar decomposition, as stated by Basu [4]. There are many researchers [7–9] who investigated
the effect of multistage gasification systems and they affirmed that they upgraded the quality of the
product gas by diminishing the tar concentration. Therefore, an exclusive gasification technology,
a multistage fluidized bed gasifier, that aims at low tar production could be developed on the basis of
the above-mentioned principles.

Several researchers have focused on modeling biomass gasification using the Aspen Plus
simulator in order to study and determine the optimal composition of the produced gas. In addition,
the development of gasification reactors generally needs different levels of material and human
resources. Therefore, using computer simulations is the efficient way to solve this problem.
The Aspen Plus simulator is a program process that can be used to compute mass and energy
balances dealing with multiphase models. It is used in the simulation of a diversity of processes
like fluidized-beds and gasification reactors [10]. The performance analysis of fluidized beds for
biomass gasification can be studied using thermodynamic equilibrium or kinetic modeling [11].
Two different thermodynamic models employing Gibbs energy minimization have been used by
different researchers [11]. Thermodynamic equilibrium models do not consider the hydrodynamics
of the process. They are independent of the gasifier type, unlike thermodynamic semi-equilibrium
models which provide better prediction of producer gas composition. The kinetic models take into
consideration both the hydrodynamic behavior and the reaction kinetics to make it the physically
most realistic model. Mallick et al. [11] stated that this approach is very important when it comes to
designing, improving, and evaluating gasification systems. Most of the studies did not consider tar,
or loaded it over other heavy hydrocarbons [12]. Some others considered it as chemically inert, so it
did not take part in the chemical reactions [13]. Regarding pyrolysis, some researchers [6] considered it
as an instantaneous process. According to this assumption, the pyrolysis compositions can be used as
inputs in gasification simulations.

Niu et al. [14] focused on a comprehensive modeling using Aspen Plus to simulate the solid
waste gasification inside a fluidized bed gasifier. They stated that the production of CO and H2,
and the gasification efficiency were improved as a result of the increase of gasification temperature.
Doherty et al. [15] used the Aspen Plus simulator to study a fluidized bed process. Their model was
also based on Gibbs free energy minimization. They found that syngas composition and heating value
were strongly influenced by both gasification temperature and steam to biomass ratio. In addition,
it was stated that cold gas efficiency was affected by the biomass moisture. Likewise, on the basis
of Gibbs free energy minimization, Sreejith et al. [16] developed a steam gasification biomass model
using the Aspen Plus simulator. Their study was based on an equilibrium model based on Gibbs
free energy minimization and aimed to determine the optimum process conditions of gasification.
Using the same model, Begum et al. [3] developed an Aspen Plus model to study different biomass
feedstocks’ gasification. It is about a fixed bed integrated gasifier that predicted the model’s steady
state performances. The authors could provide the optimum performance for the feedstocks studied.
Mitta et al. [17] presented a model for a fluidized bed type gasification process. Their study focused on
the effect of the flow rate, the temperature and composition of the feed material, and the operating
pressure and temperature. The developed model was able to predict the composition of the produced
gas and the effect of operating temperature on the gas composition.
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Beheshti et al. [18] simulated the air–steam biomass gasification to produce hydrogen and syngas.
They used an Aspen Plus model based on chemical reaction rates and hydrodynamic properties: a semi
detailed kinetic model. Empirical correlations of pyrolysis yields were used. They studied and discussed
the effects of some critical parameters like gasification temperature, biomass particle size, steam to
biomass ratio, and equivalence ratio on the composition of the gas produced. Abdelouehed et al. [19]
studied biomass gasification in dual fluidized beds. They modeled the process by Aspen Plus using a
semi detailed kinetic mechanism. In their work, pyrolysis products were calculated through correlations
and were considered as feeds to other reactors. Their model predictions for methane and tar yields
were in agreement with data of pilot plants. They stated that the semi detailed kinetic model can be
used to optimize biomass gasifier performances.

The present work focuses on gasification modelling using a semi detailed kinetic model in the
Aspen Plus Simulator. The innovation points of the multistage gasifier studied are the design and the
usage of a fluidized bed in the reduction zone to produce a high-quality product gas. This reactor
has been studied in CFD cold model. The novelty of this study is to develop a numerical tool that
introduces species and chemical reactions in order to investigate the main product gas composition,
lower heating value (LHV), and cold gas efficiency (CGE), depending on the variation of gasification
temperature and bed material. The hydrodynamics of the bed were investigated as well.

2. Process Modeling

2.1. Concept of the Multistage Gasifier

As presented in Figure 1a, the considered system comprises three different stages: pyrolysis,
combustion, and reduction. Details of the system are in the previous work of Dhrioua et al. [20].
Initially, biomass is heated inside the pyrolysis reactor to yield char and pyrolytic gas. They will
be separated and fed to reduction and combustion zones, respectively. The hot gas generated after
the oxidation of pyrolysis gas will be the fluidizing and gasification agent of the reduction zone’s
fluidized bed. The reduction reactions will generate the product gas (estimated at 800–1000 ◦C) that
will be conducted to the pyrolizer jacket to deliver the necessary heat for the pyrolysis zone. Therefore,
compared to a classical dual fluidized bed reactor, instead of burning char, it will be used for reduction
by the hot gases generated from burning the pyrolysis gas. The purpose of this process is to present an
exclusive gasification technology with low tar production in addition to the use of a fluidized bed as a
means to fuel flexibility.
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Figure 1. (a) 3D schematic of the multistage gasifier and (b) flowsheet of the Aspen Plus model.
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2.2. Process Assumptions

The biomass devolatilization is an instant process resulting principally in CO, CO2, CH4, H2,

and H2O. The gases obtained in the devolatilization step are used as inflows of the gasifier and
combustor. In fact, pyrolysis contains tremendously complex reactions, and a feasible methodology
is the use of pyrolysis products as an input in the succeeding steps [19]. Considering the work
of Chandrasekaran et al. [21], the optimal conditions of the pyrolysis of Prosopis juliflora (PJ) are:
particle size of biomass between 0.2 to 0.5 mm, pyrolysis temperature 600 ◦C, and heating rate of
20 ◦C/min. This will produce a mass rate of char = 21%, gas = 45.4%, and liquid (bio-oil) = 33.6%.
The corresponding composition of the gas is: CO = 38%; CO2 = 28%; H2 = 16.5%; CH4 = 17.5%. In this
model, the presence of tar is not considered to simplify the model. Char is assumed to be 100% carbon
and ash does not contribute to chemical reactions as it is assumed to be inert.

The following supplementary assumptions are considered: isothermal and steady state processes
are supposed in both the combustion and gasification reactors. The solids are perfectly mixed, and the
bed is bubbling. Char reduction begins in the bubbling bed and is completed in the freeboard zone.
A constant average particle diameter is considered during the process and N2 is supposed to be inert.
Table 1 summarizes assumptions and desired design conditions.

Table 1. Assumptions and Desired Design Conditions.

Type of Gasifier Multistage Bubbling Fluidized

Type of Fuel Prosopis juliflora

Calorific value of Fuel 17 MJ/kg

Fuel consumption rate 10 kg/h

Syngas components CO, H2, CO2, CH4 and N2 (800–1000 ◦C)

Char formula Black Carbon

Gasification reactor Cylindrical (H:2–4 m, D:0.35–0.55 m) isothermal (800–1000 ◦C)

Combustion reactor Volume: 0.3 m3, isothermal: 1000 ◦C

Pyrolysis products (%vol) [21] T = 600 ◦C:21% Char, 33.6% liquid, 45.4% gas (0.38 CO, 0.175 CH4, 0.165 H2, 0.28 CO2)

Distributor Perforated plate: perforated area 0.125–1.25%

Air feed T = 25 ◦C: 2–5 kg/h

Bed solid diameter [21] 200–500 µm

Desired LHV >10 MJ/Nm3

Desired Cold Gas Efficiency (CGE) >60%

2.3. Aspen Plus Process Modeling

In this section, air gasification of Prosopis juliflora has been modeled by adopting a detailed
kinetic Aspen Plus process. Figure 1b illustrates the Aspen flowsheet of the present process.
The entire procedure contains four distinct stages: decomposition of the biomass, gas solid separation,
partial volatile combustion, and char gasification. A semi detailed kinetic scheme is used. An isothermal
RYIELD reactor; called PYROL (Figure 1b) is employed for the simulation of the pyrolysis process.
Pyrolysis yields considered are sent to the separation column (Separ1). This pyrolysis gas is mixed
with air at the beginning of the partial combustion process. Gas combustion occurs in the “Combustor”
which is an Aspen Plus RCSTR reactor that performs perfect mixing gas combustion. Consequently,
the reactor substances have identical compositions and properties at the outlet flow.

After burning all the oxygen, the process of gasification begins. Char gasification occurs in the
“Gasifier” which is an Aspen Plus Fluidized reactor performing char gasification by using reaction
kinetics. This FLUIDBED Aspen Plus block will be described in the following. After this, a cyclone is
used to separate solids from the producer gas. Then syngas is used as a heat source for the RYIELD
pyrolysis reactor. In Aspen Plus, the Fluidbed Block is a recently added library model reactor module
that is used to model fluidized beds. In the following, we give specifications of the fluidized bed module:
reactor model assumptions, configuration, and operational conditions. In addition, the gas distributor’s
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specifications, i.e., type and holes’ dimensions are also specified in this module. The fluidized bed is
separated into bottom and upper zones that are categorized by a high concentration of solid volume,
and a diminished concentration with increasing height, respectively. They are modeled as bubbling
bed and dilute zone.

• Minimum fluidization velocity (Umf)

Aspen Plus software computes minimum fluidization velocity by the Equation (1) given by Ergun:

um f = 7.14.(1− εm f ).γg.SV.


√√√√√

1 + 0.067.
ε3

m f(
1− εm f

)2 .

(
ρs − ρg

)
.g

ρg.γ2
g

1
S3

V

− 1

 (1)

where ρg, γg are gas density and dynamic viscosity, ρs particle density, εmf bed porosity at minimum
fluidization, and Sv volume-specific surface area.

• Superficial gas velocity

The superficial gas velocity is then given by Equation (5):

ug(h) =
mg(h)

ρg(T, p(h))A(h)
(2)

• Pressure drops:

- across the bed:
∆p f b = H(1− ε)ρsg + Hερgg (3)

- across the distributor:

∆pdis =

(
uor

Cdis

)2ρg

2
(4)

The model of Geldart et al. [22] is chosen for elutriation. More details on this model can be found
in Aspen Plus Simulator Help and in the descriptions by Hussain et al. [23]. Lower heating value
(LHV) and cold gas efficiency (CGE) [24]:

LHVfuel = 33.9 Yc + 102.9 YH − 11.2 YO − 2.5 YH2O [MJ/kg] (5)

where Y is the mass fraction of each specie. The calculated LHV of Prosopis juliflora fuel is about
17 MJ/kg [21].

The producer gas lower heating value (LHVgas) can be determined by [24]:

LHVGas = 12.64XCO + 10.8XH2 + 35.8XCH4 [MJ/Nm3] (6)

where X is the mole fraction of each specie.
Cold gas efficiency (CGE) is determined by:

CGE =
LHVgasVgas

LHVFuelmFuel
(7)

where Vgas is syngas volumetric flow rate, mfuel is the fuel mass flow rate, LHVgas is the syngas lower
heating value, and LHVfuel is the fuel lower heating value.
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2.4. Kinetic Reactions

The specified rates of the nine reactions involved in the combustion reactor and the gasification
reactor are summarized in Table 2 and discussed in the following. Only gasification and combustion
phases are considered in the actual Aspen Plus simulation. After pyrolysis, char continues to react with
gas. The heterogeneous reactions, modeled by reactions R1–R3 as mentioned in Table 2, are Boudouard,
steam gasification, and methanation reactions. The corresponding reaction rate constant is defined by
the following expression: Reaction rate = k.Tn.e(−E/RT)

× driving force.

Table 2. Kinetic of involved reactions.

Reaction Equation Reaction Rate Reference

R1 C + CO2 → 2 CO r1 = 3.42.T.exp(−130000/R.T).[CO2] [25]

R2 C + H2O→ CO + H2 r2 = 3.42.T.exp(−130000/R.T).[H2O] [25]

R3 C+2H2 → CH4 r3 = 0.00342.T.exp(−130000/R.T).[H2] [25]

R4 CO + H2O→ CO2 + H2 r4 = 7.68 × 1010.exp(−304600/R.T).[CO]0.5.[H2O] [26]

R5 CO2 + H2 → CO +H2O r5 = 6.4 × 109.exp(−326400/R.T).[H2]0.5.[CO2] [26]

R6 CH4 + H2O→ CO + 3H2 r6 = 3 × 108.exp(−125000/R.T).[CH4].[H2O] [27]

R7 H2 + 0.5 O2 → H2O r7 = 1.63 × 1011.T−1.5.exp(−28500/R.T).[O2].[H2]1.5 [28]

R8 CO + 0.5 O2 → CO2 r8 = 5.62 × 1012.exp(−133000/R.T).[O2]0.5.[CO] [28]

R9 CH4 + 2 O2 → CO2 + 2H2O r9 = 3.552 × 1011.exp(−130529/R.T).[O2].[CH4] [28]

Regarding modeling of heterogeneous gasification reactions, it is stated in the literature that
it depends on the homogeneous gas phase reaction model as it depends on the surrounding gas
species [25,29]. The reaction rate expressions for the heterogeneous reactions are the same as for the
homogeneous reactions.

3. Validation

Due to a lack of experimental data for Prosopis juliflora gasification in fluidized bed, the feedstock
used to validate the model is wood pellets (CH1.4O0.64)33 which is used by Campoy et al. [30].
A comparison with their experimental data from air–steam gasification of wood pellets in a bubbling
fluidized bed reactor is analyzed. A comparison with numerical data of Beheshti et al.’s [18] Aspen
Plus model is made as well. Correlations are used for predicting devolatilization products.

Campoy et al. [30] used wood pellets as fuel and ofite, which is a silicate subvolcanic rock with
formula (Ca, Mg, Fe, Ti, Al)2(SiAl)2O that has a density of 2650 kg/m3, as bed material. They considered
air and air with steam as gasification agents. The stoichiometric ratio (SR) and steam to biomass ratio
(SBR) ranged from 0.19 to 0.35 and from 0 to 0.45, respectively, by changing both the vapor flow rate
(from 0 to 5.1 kg/h) and the biomass flow rate (from 12.2 to 20.5 kg/h) while retaining an approximately
steady air flow rate (from 17 Nm3/h). The operating temperature ranged between 730 ◦C and 815 ◦C.
Table 3 describes the pilot plant’s most critical parameters, under the terms of the research experiments.
Details of the gasifier plant and different input parameters can be found in their work [30].

Table 3. Technical and operating parameters of the Campoy et al.’s [30] pilot plant.

Parameter Value

Inside diameter of the bed 0.15 m
Inside diameter of the freeboard 0.25 m

Height of the bed 1.40 m
Height of the freeboard 2.15 m

Fuel flow rate 12–21 kg/h
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Table 4 displays the LHV of the syngas in addition to its composition. It is shows that the
model results are in good agreement with Campoy et al. [30] and Beheshti et al.’s [18] findings.
More specifically, the present model presents syngas composition’s percentages close to the existed
data. Percentages were closer to the experimental ones [30] than those of Beheshti et al.’s [18] values.
The LHV calculated by the present model was found to be 6.699 MJ/Nm3 and showed a good agreement
with the experimental value as well, which was found to be 4.76 MJ/Nm3.

Table 4. Lower heating value (LHV) and composition of the syngas.

Model LHV (MJ/Nm3)
Syngas Composition (%Vol, Dry, Free N2)

CO CH4 H2 CO2

Model (Present work) 6.699 33.51 9.26 18.25 38.96

Experimental (Campoy et al. [30]) 4.76 35.3 11.4 19.5 33.8

Model (Behesti et al. [18]) - 37.2 14.25 17.4 31.15

4. Results and Discussions

The volume of the combustion reactor is set at Vcomb = 0.3 m3, while the diameter of gasification
reactor changes from 0.35 m to 0.55 m. The maximum height of the gasifier is between 2 m and 4 m.
The biomass Prosipis juliflora mass flow is 10 kg/h. With respect to Chandrasekaran analysis [21],
this mass flow gives 6.64 kg/h (char + gas) which represents 66.4% of pyrolysis product of PJ.
Char represents approximately 21% and gas represents 45.4% of fuel mass flow. Subsequently, 2.1 kg/h
of solid char is assumed to enter the gasifier reactor. A 4.54 kg/h of pyrolytic gas is considered as an input
of the combustor reactor considered isothermal at 1000 ◦C and maintained at 1 bar. The corresponding
mass flow of the air varies between 2 and 5 kg/h at 25 ◦C and is mixed with pyrolytic gas at 600 ◦C.

In the following, a parametric study of the effect of gasification temperature, air to biomass
ratio, and gasifier dimensions (diameter and height) is presented. The composition of syngas and
its LHV along with cold gas efficiency (CGE) are the principal studied output variables. In addition,
flow regimes in the fluidized gasifier are identified for different bed inventories.

4.1. Effect of Gasifier Temperature

The considered parameters are: air/biomass ratio = 40%, gasifier diameter D = 0.5 m, and gasifier
height H = 2.5 m.

4.1.1. Syngas Composition

According to Figure 2a, the CO molar fraction is prevailing and clearly increases with Tgasif;
however, CO2 concentration decreases. As a consequence, the LHV of syngas also increases with
Tgasif (Figure 2b). This rising tendency is already mentioned in previous studies for biomass air
gasification [7], CO2 gasification [31], and steam gasification [32] for low steam to biomass ratio.
Figure 2a reveals that the production of gases with lower molecular weights is favored by any rise
in gasification temperature. Additionally it must be mentioned that the thermodynamic equilibrium
model predicts much greater conversion for the Boudouard reaction, causing considerably higher
carbon monoxide concentrations and consistently lower carbon dioxide values [31].

No considerable increase in CO concentration is observed for Tgasif greater than 900 ◦C. The absence
of steam in the gasifier may be noted. Supplementary simulations with injection of steam inside the
gasifier (easily to introduce in “fluidbed” block) show that H2 molar fraction increases with Tgasif;
however, the concentration of CH4 decreases. This behavior is well confirmed in the literature [28].
Recently Lan et al. [33] presented a comparison between fluidized bed biomass gasification with and
without steam. With the addition of steam and as the bed temperature increased, gas reforming
reactions rose, and the CO and CH4 content diminished; however, CO2 and H2 content went up.
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Figure 2. Effect of the gasifier temperature on (a) syngas composition and (b) LHV and cold gas
efficiency (CGE).

4.1.2. LHV and CGE

The increasing tendency in Figure 2b is directly related to producer gas composition for different
gasifier temperatures (Figure 2a). Figure 2b shows that Tgasif = 900 ◦C gives a satisfactory LHV of
syngas (11.43 MJ/Nm3) and maximal cold gas efficiency CGE (63%) of the entire gasifier. This promising
LHV value is relatively high for air biomass gasification even for low air/biomass ratio.

4.2. Effect of Air/Biomass Ratio

The considered parameters are: Tgazif = 900 ◦C, gasifier diameter D = 0.5 m, and gasifier height
H = 2.5 m.

4.2.1. Syngas Composition

Figure 3a shows a remarkable N2 rate increase for higher air/biomass ratios. As predicted a rise in
CO2 molar fraction and a reduction in CO fraction are observed.
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Figure 3. Effect of the equivalence ratio on (a) the gas composition and (b) the LHV and CGE.

4.2.2. LHV and CGE

Figure 3b shows a decreasing trend of LHV when air/biomass ratio increases. The principal reason
for this behavior is the combustion reactions happening in the combustor for a greater air flow rate.
This is confirmed in Figure 4 showing gas composition at the output of the combustor. For air mass
rate near 5kg/h, all CO is oxidized leading to an increase in CO2 fraction. H2O is also completely
consumed due to the favored water gas shift direct reaction (R5) at high temperature.

According to Figure 3b, the maximum of CGE (63.7%) is obtained for the equivalence ratio of 0.4
(i.e., air mass flow equal to 4 kg/h). The corresponding LHV value is 10.5 MJ/Nm3. Indeed, despite the
diminishing of LHV with rising air/biomass ratio, the CGE would first increase owing to the growing
volume of carbon transformed into gaseous products and then decline due to the dominant effect
of the N2 dilution of the producer gas. With the increase of air/biomass ratio, the quantity of the
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oxygen brought to the combustion reactor increases. The gas components of pyrolytic gas burn inside
the combustor in the situation of oxygen enrichment and the content of combustible gas is reduced.
Accordingly, the temperature increases in the combustion reactor. Nevertheless, the rise in temperature
is advantageous to the gasification reactions occurring inside the gasifier. Alternatively, the biomass gas
concentration is diluted significantly. Consequently, the increase of air/biomass ratio has a mutual effect
on the rise and decline of the combustible gas content in the producer gas. Nevertheless, this analysis
is not totally adequate for isothermal combustion and gasification reactors.Processes 2020, 8, x FOR PEER REVIEW 9 of 15 
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To analyze and evaluate this rate of 4 kg/h of air mass flow, one can focus on the combustor reactor
and calculate the corresponding equivalence ratio ERcomb. According to equations R1-R7, one mole of
the pyrolytic gas (PYRGAS) consumes 0.6225 mole of O2 in stochiometric combustion. Considering a
rate of 21% of oxygen in the air, one gets 3.635 kg (air)/kg (pyrolytic-gas) as stochiometric ratio. Having
4/4.54 = 0.881 kg (air)/kg (pyrolytic-gas) as real ratio, one gets the equivalence ratio: ERcomb = 0.24
which is inside the literature suggested interval [4]. It is to be noted that the global equivalence ratio
corresponding to the combustion of 10 kg of Proposis juliflora (CH0.138O0.978N0.043 [21]) with 4 kg/h of
air mass flow is equal to 0.13. However, this ratio is not so significant because almost zero oxygen
reaches the gasification reactor and so no oxidation of char is predicted.

4.3. Effect of Gasifier Diameter

The fixed parameters are: mass flow air/biomass ratio = 40%, gasifier temperature Tgazif = 900 ◦C,
and gasifier height H = 2.5 m. Figure 5a shows a promising effect of increasing gasifier diameter on
gas composition. In fact, for a larger diameter, the height of bottom zone is lower and the freeboard
height is bigger. In addition, the minimum fluidization velocity decreases. All these changes in flow
regimes favor gasification reactions.Processes 2020, 8, x FOR PEER REVIEW 10 of 15 
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This is confirmed in Figure 5b where the rise in the LHV of syngas is significant between 0.35 m
and 0.45 m. Figure 5b shows an analogous behavior of CGE. It may be noted that a maximum value of
the cold gas efficiency is about 63.1% for D = 0.49 m. Consequently, the diameter of 0.5 m is proposed
for this multistage gasifier.

4.4. Effect of Gasifier Height

The considered parameters are: Tgazif = 900 ◦C, gasifier diameter D = 0.5 m, and mass flow air to
biomass ratio equals 40%.

From Figure 6 the height of 2.5 m of the gasifier is adequate for the choice of a good quality of
syngas and consequently for LHV and CGE. From 2.5 m to 4 m no considerable variation is observed.
This behavior is linked to the flow regime in the gasifier as discussed in the following section. It may
be noted that the performance area rate is still the same for all values of H.
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4.5. Flow Regimes in the Gasifier—Effect of Bed Inventory

In order to recognize different flow regimes inside the gasifier, three initial bed masses of 50, 100,
and 150 kg are considered. Table 5 summarizes parameters and results for three different bed masses
of char (carbon solid). For 100 kg and 150 kg inventory, the bottom bed has a bubbling fluidized nature
and the freeboard is a supplementary dilute zone. In the case of a 50 kg bed mass, there is almost
0 m of bubbling bed height. Figure 7a, showing distribution of solid volume fraction, confirms these
results. In addition, the distributions of pressure and superficial velocity in the gasifier confirm these
bubbling or totally fluidized bed behaviors (Figure 7b,c). Regarding the superficial velocity displayed
in Figure 7c, there is no significant difference between the three beds’ inventories, due to the fact that
the same air mass flow was introduced in all three cases. It can be observed that the superficial velocity
increased with the increase of the gasifier height which is related to the formation of bubbles in the bed,
causing solid particles detachment. It increases more in the freeboard zone. A slight difference can be
observed in the freeboard region between the superficial velocities of the three beds’ inventories.

Table 5. Bed parameters for the three mass inventories 50, 100, and 150 kg.

Bed Inventory (kg) 50 100 150

Bottom zone height (m) 0 0.171 0.416

Freeboard height (m) 2.499 2.328 2.083

Distributor pressure drop (mbar) 3.986 3.986 3.986

Bottom zone pressure drop (mbar) 0.0015 17.36 42.23

Freeboard pressure drop (mbar) 32.31 32.63 32.73

Overall pressure drop (mbar) 36.307 53.99 78.956

Minimum fluidization velocity (cm/sec) 0.3547 0.3558 0.3564
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along the gasifier for a bed mass inventory of 50 kg, 100 kg, and 150 kg.

A close depiction of Figure 8 shows an increase in CO molar fraction and a decrease in CO2 molar
fraction inside the gasifier. The same behavior is observed by Cheng et al. [24]. A linear variation of
gas component fraction in the bottom zone is observed. In the splash region a constant behavior is
observed and particularly no variation on CO and CO2 molar fractions in the height between 1.2 to
1.5 m. This is closely linked to the constant behavior of superficial velocity in this region (Figure 8c).
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5. Conclusions

An Aspen plus model is proposed to simulate air gasification of Prosopis juliflora. The gasification
system is a multistage reactor with different compartments for pyrolysis, combustion, and reduction that
takes place in a fluidized bed. The gasifier design studied in this work aims to generate a high-quality
product gas. The numerical modeling considered in this work is based on a semi-detailed kinetic
approach that considers both reaction rates and hydrodynamic parameters. It could be used to optimize
the gasifier performances by the design and the operating conditions. Simulations revealed that the
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most influential parameters are the temperature of gasification reactor and the air to biomass mass ratio.
Results showed that CO concentration in the product gas is proportional to gasifier temperature and
inversely proportional to air to biomass ratio. The bed inventory has great influence on flow regimes
inside the gasifier. An optimal elevated LHV value (10.53 MJ/Nm3) is obtained for 2 m gasifier height,
0.5 m diameter, and an equivalence ratio in the combustor equal to 0.24. The corresponding cold gas
efficiency is about 65%. Consequently, this new multistage reactor produces a high gas calorific value
even with air gasification and with monoxide as a main component. This Aspen model can be easily
adapted for other biomass substances. Future simulations will take account of the presence of tar in
the pyrolytic gas. Ongoing tests consider naphthalene, toluene, phenol, and benzene as principal
tar components.
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Nomenclature

CGE Cold Gas Efficiency
D Diameter (m)
ER Equivalence Ratio
H Height (m)
HHV High Heating Value (MJ/Nm3)
k Kinetic factor
LHV Low Heating Value (MJ/Nm3)
.

m Mass flow (kg s−1)
P Pressure (Pa)
PJ Prosopis juliflora
r Reaction rate
Sv Volume-specific surface area (m3)
T Temperature (◦C)
t Time (s)
u Velocity (m s−1)
V Volumetric flow (m3 s−1)

Greek symbols:
ε Bed porosity
εb Local bubble volume fraction
γ Viscosity (kg m−1 s−1)
% Density (kg m−3)

Subscripts:
dis Distributor
g Gas
gasif Gasification
mf Minimum fluidization
or Orifice
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with CHP production: A review of state of the art technology and near future perspectives. Therm. Sci. 2012,
16, 115–130. [CrossRef]

2. Jingjing, L.; Xing, Z.; DeLaquil, P.; Larson, E.D. Biomass energy in China and its potential. Energy Sustain. Dev.
2001, 5, 66–80. [CrossRef]

3. Begum, S.; Rasul, M.G.; Akbar, D.; Ramzan, N. Performance analysis of an integrated fixed bed gasifier
model for different biomass feedstocks. Energies 2013, 6, 6508–6524. [CrossRef]

4. Basu, P. Biomass Gasification and Pyrolysis: Practical Design and Theory; Academic Press: Cambridge, MA,
USA, 2010.
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