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ABSTRACT
The energy from biomass can be utilized through the thermochemical conversion processes of pyrolysis 
and gasification. Biomass such as wood chips is heated in a gasification reactor to produce a synthesis 
gas containing CO, H2 and CH4. The gas can be further processed to bioproducts or fuels. The thermo-
chemical process involves devolatilization of wood followed by steam gasification, CO2 gasification, 
methanation, water gas shift reactions and methane reforming. To optimize the performance of the 
reactor, it is important to study each of the reactions separately.

The reactions are simulated individually using the chemical process optimization software Aspen 
Plus. The results are compared with simulations performed with the Computational Particle Fluid 
Dynamic (CPFD) software Barracuda VR 15. The CPFD methodology solves the fluid and particle 
equations in three dimensions with the transient flow and is time-consuming. Aspen Plus is one dimen-
sional and solves the included reactions fast.

The results of the Aspen Plus and CPFD simulations, given as product gas compositions (CO, CO2, 
CH4 and H2), show that each reaction contributes to the product gas composition differently. Com-
parison between Aspen Plus and CPFD simulations of individual gasification reactions show good 
agreement. However, when all reactions are included in the simulations, there is a deviation in the 
volume fraction of product gas composition.
Keywords: Aspen Plus, biomass gasification reactor, CPFD, dual fluidized bed, reaction kinetics, steam 
gasification.

1 INTRODUCTION
Biomass is an attractive source of energy. It is possible to utilize the energy through the ther-
mo-chemical conversion processes of pyrolysis and gasification.

There are different types of reactors used for gasification. Fluidized bed reactors are the 
most popular amongst them because of the high heat and mass transfer rates that result in 
high rate of produced gas. The fluidized bed is filled with granular solids called bed materials, 
which are kept in a fluidized state with a gasifying medium [1]. The principle of dual fluid-
ized bed gasification system is shown in Fig. 1 [2, 3]. The reactor is divided into two separate 
parts - combustion and gasification. The bed material is heated in the combustion reactor and 
circulated to the gasification reactor. The hot bed materials supply necessary heat for the 
endothermic gasification reaction. The biomass fed to the gasification reactor is mixed with 
hot bed materials and gasification agents. The biomass in the reactor is dried and devolatil-
ized to produce volatile gases and solid char particles. The char particles react with the 
gasifying medium to produce a mixture of combustible gases in addition to some CO2 and 
water vapor.

To increase the performance of the gasification reactor, it is necessary to study the thermo-
chemical process and its operating parameters. Experimental study of the thermochemical 
behavior has been difficult due to high operating temperature in addition to time consumption 
and material costs related to the requirements of constructing hot models and pilot plants [4]. 
The possibility to study the performance of the reactor by using simulation tools like CPFD 
and Aspen Plus is valuable for a better understanding of the gasification process. A validated 
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computational model could give an approximate answer to many factors affecting the 
 efficiency of the plant.

2 GASIFICATION REACTIONS
In a gasification reactor physical, chemical and thermal processes may occur incrementally 
or simultaneously depending on the reactor design and the feedstock material [5]. First, the 
biomass is dried and devolatilized. The process is endothermic. The hot bed materials supply 
all necessary heat for the process. In the devolatilization process, char and volatiles are 
formed. Depending on the types of feedstock, the volatiles includes H2O, H2, N2, O2, CO2, 
CO, CH4, H2S, NH3, C2H6 and very low levels of unsaturated hydrocarbons like acetylenes, 
olefins, aromatics and tars [1]. Char formed after the devolatilization has a higher carbon 
concentration than the dry feedstock fed to the reactor. The char is converted to gases by 
using steam as gasification agent. Depending on the types, the biomass is variable in content 
and elemental analysis is used to define them. Table 1 shows the ultimate analysis of birch 
wood.

The ash content (composition of elements such as potassium, calcium, sodium, silicon and 
magnesium) in wood is less than 1% [7]. The nitrogen content in wood is also very small. For 
the simplicity of modeling, all these minor components including H2S, NH3 are neglected. 
Then the process of devolatilization of wood can be modeled as shown in eqn (1). Material 
and energy balance can be performed based on the element analysis to set up the stoichiomet-
ric equation.

 C H O aCH bCO dCO eH fC H gC hH O
x y z x y

= + + + + + +
4 2 2 2

 (1)

The kinetics of devolatilization is assumed as given by eqn (2).

Figure 1: Principle of dual fluidized bed gasification reaction.
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where the T [K] denotes the temperature. θf is the volume fraction of fluidizing agent and ms 
[kg/m3] is the solid mass of fixed carbon per volume [8]. In this work, the following assump-
tion is made:

 m C s
s
= ( )M

wC
*  (3)

where MwC is the molecular weight of carbon [kg/kmole], and C(s) is molar concentration of 
solid carbon [kmole/m3]. There are many chemical reactions taking place in a gasification 
reactor. For simplification, it is assumed that a set of reactions describe the major conversion 
rates in the reactor [8]. The most common gas-solid reactions in the gasification zone are 
steam gasification, carbon dioxide gasification, methanation reaction and the gas-gas phase 
homogeneous reactions are the water-gas shift and the methane reforming reactions as pre-
sented in Table 2. The reaction of char particles with fluidizing steam is the major process of 
char conversion. The char particles also react with the CO2 and H2 gases, which are produced 
during devolatilization of the wood. Char yield and char reactivity are important in determin-
ing the capacity of the gasification reactor [6]. Minimum residual char production and 
maximum reactivity of char make the reactor more efficient.

Table 3 shows the heats of the major conversion reactions in the gasifier [9]. The meth-
ane-reforming reaction is highly endothermic. Also, the reactions with steam gasification and 
carbon dioxide gasification are endothermic, while the methanation and the water gas shift 
reactions are exothermic.

3 MODEL DESCRIPTION
The aim of this work is to study the thermochemical process in the gasification reactor using 
simulation tool Aspen Plus and compare the results with the CPFD simulations. Using the 
reaction rates defined in Table 2, a series of simulations have been performed for the individ-
ual reactions occurring in the gasification reactor. The simulations have been carried out to 
study their contribution to the whole biomass steam gasification process.

3.1 Aspen plus

The stream class used in Aspen Plus is MIXCINC and the property method used is Redlich-
Kwong-Soave (RKS) cubic equation of state with Boston-Mathias alpha function (RKS-BM).

Table 1: Elemental analysis of wood [6].

Elements Wt.%

Carbon, C 48.6
Hydrogen, H 5.6
Oxygen, O 45.6
Nitrogen, N 0.2
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Table 3: Heats of reaction for the conversion rates in a gasifier reactor [9].

∆H°800°C [kJ/mol]

Steam gasification: C(s) + H2O → CO + H2 136
Carbon dioxide gasification: C(s) + CO2 → 2 CO 173
Methanation: C(s) + 2H2 → CH4 −87
Water gas shift reaction: CO + H2O → CO2 + H2 −37

Methane-reforming CH4 + H2O → CO + 3H2 228

Table 2: Reaction kinetics for the conversion rates in a gasifier reactor [8, 10].

Reactions Reaction rates

Steam gasification:
C(s) + H2O → CO + H2

CO + H2 → C(s) + H2
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Carbon dioxide gasification:
C(s) + CO2 → 2 CO

2 CO → C(s)+ CO2
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Water gas shift reaction:
CO + H2O → CO2 + H2

CO2 + H2 → CO + H2O
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Methane-reforming:
CH4 + H2O → CO + 3H2

CO + 3H2 → CH4 + H2O
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The following assumptions were made for the Aspen simulation:

•  The system is isothermal and operates under steady state conditions.

 • Operations at atmospheric pressure and pressure drops are neglected.

 • Nitrogen, sulphur, chlorine and ash are neglected.

 • Tar formation is not considered.

 • Char is 100% carbon.

•  Heat loss from the gasifier is neglected.

The Aspen Plus flow sheet used in the simulation is presented in Fig. 2. The feed stream, 
temperature and pressures are defined as described in Table 4. The feed and steam is 
directed to a yield reactor where the biomass is volatilized to the gas components CO, 
CO2, H2 CH4 and H2O. The residue is considered as solid carbon. The flow from the yield 
reactor is directed into a Continues Stirred Tank Reactor (CSTR) where the gasification 
reactions take place. The residence time, reaction stoichiometry and their corresponding 
reaction rates, given in Table 2, are defined in the reactor setup. After the reactor, water is 
removed to determine the gas composition on a dry basis. Chemical reactions are expressed 
by stoichiometric equations and reaction rates are described in terms of a power law for-
mat. The rate coefficients based on Arrhenius law are empirically fitted with measured 
data [8].

The reaction sequences involved in the separate simulations are presented in Table 5. The 
sequences are used as reaction numbers 1, 2, 3, 4, 5, 6 and 7 for the description of the simu-
lations. The reactions are simulated individually using Aspen Plus.

Figure 2: The Aspen Plus process flow sheet.

Table 4: Parameters used in the simulations.

Parameter Unit Value Parameter Unit Value

Bottom steam feed rate kg/h 112 Biomass feed rate kg/h 112
Steam feed temperature K 1,073 Biomass inlet temperature K 400
Reaction temperature K 1,100–1,130 Bed material inlet temperature K 1,150
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3.2 CPFD

Computational Particle Fluid Dynamic (CPFD) model is used to simulate the gas-solid flow 
with heat transfer and chemical reactions. The CPFD numerical methodology incorporates 
multi-phase-particle-in-cell (MP-PIC) method [11, 12]. The gas phase is solved using 
Eulerian grid, and the particles are modeled as Lagrangian computational particles. Gas and 
particle momentum equations are solved in three dimensions. The fluid is described by the 
Navier-Stokes equation with strong coupling to the discrete particles. The particle momen-
tum follows the MP-PIC description which is a Lagrangian description of particle motions 
described by ordinary differential equations coupling with the fluid [13].

In the CPFD numerical method, actual particles are grouped into computational particles, 
each containing a number of particles with identical densities, volume and velocities located 
at a specific position. The computational particle is a numerical approximation similar to the 
numerical control volume where a spatial region has a single property for the fluid. With 
these computational particles, large commercial systems containing billions of particles can 
be simulated using millions of computational particles [14].

The chemistry in the CPFD model is specified as mass action kinetics. The chemical reac-
tions are described by stoichiometric equations including the corresponding reaction kinetics. 
The reaction kinetics is expressed as:
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where A0 
 is the pre-exponential factor, E  is activation energy, E

0
 is activation energy con-

stant, R  is universal gas constant, c is a constant. T  is the temperature of a particle gas film. 
The film temperature is an average of the particle temperature and the bulk gas temperature. 
The particle concentration is given by mass per volume and m

p p p
= ρ ε , where rp is particle 

density and εp is particle volume fraction.
More details about the questions, their parameters and numerical procedures for solving 

the equations can be found in [13, 15]. CPFD method solves gasification reactions giving 
a reasonable prediction. However, the solving the transient flow with chemical reaction takes 
a significant amount of computational time. It is the reason for trying to simulate the gasifi-
cation reactions using Aspen Plus, which solves the reactions in one dimension within a 
short time.

Table 5: Reaction sequences involved in the simulations

SN Reactions

1 Volatilization
2 Volatilization + Steam gasification
3 Volatilization + CO2 gasification
4 Volatilization + Methanation
5 Volatilization + Water gas shift reaction
6 Volatilization + Methane reforming
7 Total reactions
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4 RESULTS AND DISCUSSION
The initial step of the simulation is volatilization of biomass, which is the preliminary step 
for the rest of the global reactions. For the volatilization, the composition out of the Aspen 
Plus yield reactor is manipulated to be the same as for the CPFD simulations.

Each of the reactions are simulated for the identical operating conditions and parameters. 
The simulations were run with a residence time of 300 s. The mole percentage of product 
gases is monitored during the simulation. The results of the simulation from Aspen Plus are 
compared with the simulation results from CPFD. The results of product gas compositions 
from the reaction sequences 4, 5 and 6 show approximately same compositions of H2O, H2, 
CO2, CO and CH4. The results from the reaction sequences 2 and 3 show minor deviations. 
The reason is that different kinetic models are used in the simulations. The result from the 
reaction sequence 7 presented in Fig. 3 shows significant variation in the gas composition. 
The reaction sequence includes all the major reaction used in the model.

In Fig. 3, the CO mole fraction from Aspen Plus simulation result is about 0.6% compared 
to 16.4% in CPFD simulation. The CO2 and H2 mole fractions are 26.5% and 33.1% higher 
in Aspen Plus compared to the CPFD results. The water concentration has decreased indicat-
ing that water is consumed to oxidize CO to CO2 and H2 as described by the water gas shift 
reaction.

The results of the simulation for reaction sequence 7 are used to calculate the product gas 
volume percent on dry basis. The results are compared with the results of CPFD simulation 
as well as the typical composition of the produced gas from the biomass gasification plant in 
Güssing, Austria [16]. The results are shown in Fig. 4.

The results from the gasification plant are based on wood chips. The results show a reason-
able agreement between the CPDF simulation data and the plant data. However, the results 
from the Aspen Plus simulation show deviation from the plant and CPFD simulation results. 
There may be several reasons for these deviations. Further simulations are performed in 
Aspen Plus to investigate the reasons.

4.1 Temperature

Variation of temperature in the gasification reactors will influence on the composition of the 
produced gas [17]. Fig. 5 shows the composition of the gas as a function of temperature in the 
reactor.

Figure 3: Mole percentage of gas composition for total reactions.
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The CO and H2O concentrations decrease when the temperature increases. CO2 and H2 
increase with increasing temperatures. The change in composition is highest in the tempera-
ture interval of 700°C–800°C. The differences in temperature profiles can be explained in 
terms of thermodynamics and kinetics. A temperature increase will favor the endothermic 
reactions. The steam gasification, the CO2 gasification and the methane reforming reactions, 
have a positive heat of reaction and, are endothermic. These three reaction sets favor a pro-
duction of CO and H2 and consumption of methane. The methanation and the water gas shift 
reactions are exothermic. Increasing the temperature for these reactions will make the heat 
content of the system to increase. The system will then consume some of that heat by shifting 
the equilibrium to the left as described by Le Chateliers principle. This will lead to a reduc-
tion of the CO2 and CH4 concentrations. However, by implementing the reaction rates, the 
temperature will contribute to the reactions in a different extent. All the reaction rates are 
dependent on the temperature. An increase in temperature gives a decrease in the exponential 
factor of the reaction rate expression. The water gas shift reaction has the dominating reaction 
rate and the highest reaction constant, implying a consumption of CO and water vapor, and 

Figure 4: Comparison of gas volume fraction of simulation with plant data.

Figure 5:  Temperature (°C) as a function of mole percentage of CH4, CO, CO2, H2 and H2O 
simulated by Aspen Plus. Residence time 300 s.
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production of CO2 and H2. The inflection point for all the reaction sets are typical at around 
600°C–700°C and is the reasons for the steep increase/decrease in concentrations around this 
point. Aspen plus simulates with a uniform temperature distribution within the reactor, while 
CPFD gives a temperature distribution within the reactor.

4.2 Residence time

Residence time or reactor volume will influence the composition of produced gas from the 
gasifier. A longer residence time will give the reactions more time to reach equilibrium. To 
increase the residence time, it is necessary either to increase the reactor volume or to reduce 
the feed rates to the reactor. Fig. 6 shows the composition of the produced gas at different 
residence times.

The residence time is crucial for the produced gas composition. Increased residence gives 
a higher H2 and CO2 concentration, while CH4 and CO concentrations decrease with resi-
dence time. The residence time used in Aspen Plus is 300 s. However, a residence time of 
about 13 s will give a CO/H2 ratio of 1:1. The CO concentration will then be more compara-
ble to the CO concentration observed with CPFD. To produce a gas with a satisfying ratio 
between CO and H2, an optimized reaction time should be reached.

4.3 Heating value

The results of simulation on the total heating value of product gases from Aspen Plus are 
compared with the results from CPFD. The results are shown in Fig. 7. The product gas heat-
ing value during volatilization, methanation, water-gas shift and methane reforming reactions 
have good agreements with the computational results from CPFD. The CO2 gasification has 
some deviation. The product gas heating value from the steam gasification reaction deviate 
significantly between these two computational methods, and this may be the reason for the 
deviation in product gas heating value on the result of the total reaction.

Figure 6:  Residence time (s) as a function of mole percentage of CH4, CO, CO2, H2 and H2O 
simulated by Aspen Plus. Temperature 1,100 K.
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5 CONCLUSION
Steam gasification of birch wood is simulated using Aspen Plus. MIXCINC stream class and 
Redlich-Kwong-Soave cubic equation of state with Boston-Mathias (RKS-BM) alpha func-
tion are used as property method. The reactions included in the simulation are steam 
gasification, carbon dioxide gasification, methanation, methane reforming and water gas shift 
reactions with their corresponding reaction kinetics. All those reactions are simulated indi-
vidually as well as together. The results of the simulations are compared with the results of 
the CPFD computational method that is simulated with similar parameters and conditions.

The results of the product gas volume fractions simulated with methanation, water gas 
shift reaction and methane reforming have good agreements with CPFD computational 
method, while the results with steam gasification and CO2 gasification has some deviation. 
The results of total reaction show significant deviation between the two computational meth-
ods. The produced gas composition depends on the temperature. A higher temperature 
reduces the CO concentration, but increases the H2 and CO2 concentrations. A long residence 
time give a severe decrease of the CO concentration. The residence time have to be optimized 
to obtain a satisfying CO/H2 ratio. The two computational methods give about the same total 
higher heating values.
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