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Abstract
Gasification is a multiphase process that converts the solid fuels into useful synthetic gas. Despite the potential of bio-
mass gasification as a clean technique to produce a high caloric value syngas, it is not as well looked upon as its advantages 
suggest. In the present study, an ASPEN plus model of biomass gasification was developed with considering the kinetics of 
the reactions and tar cracking mechanism. Firstly, the model was validated against the experimental data in the literature. 
Next, a parametric study was done to investigate and evaluate the performance and produced gas composition of air–steam 
gasification of biomass. The effect of various operational parameters, such as the reaction temperature, equivalence ratio 
(ER) and steam/biomass ratio (S/B) on the gas product composition, products yield and the gasifier performance was inves-
tigated. The results showed that the increase of reaction temperature not only can enhance the  H2 content in the gas stream, 
but inhibit the formation of tar. The achieved optimal conditions for production of maximum  H2 content (16.18 vol %) were 
as follows: reaction temperature of 800 °C, S/B of 0.8 and ER of 0.211.
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Introduction

Fossil fuels are the world's most important source of energy, 
and if demand for energy increases at the same pace, their 
share of total energy supply is projected to reach 80% by 
2040 [1]. This scenario could lead to irreparable damage 
to the environment because of global warming associated 
with fossil fuels. Biomass, a mixture of organic constitu-
ents, is known as a renewable energy source and has great 
potential to replace fossil fuels because of its availability, 
flexibility and calorific value [2]. Unlike other renewable 
energies, biomass can be used both to generate electricity 
and to produce basic chemicals such as methanol, ethanol 
and dimethyl ether (DME) [3].

There are two main strategies for biomass conversion: 
(1) biochemical routes such as fermentation and anaerobic 
digestion, and (2) thermochemical routes like devolatiliza-
tion, gasification and combustion [4]. Among a wide variety 
of biomass conversion pathways, gasification has attracted 

more attention due to its greater environmental compatibility 
and economic advantages. Biomass gasification is a com-
plicated process to convert biomass into fuel gases or other 
valuable products in a partial oxidation atmosphere. The 
produced fuel gas (so-called syngas) mainly consists of  H2, 
CO,  CO2,  CH4,  H2O,  N2 and some impurities like tars,  NH3 
and  H2S [5]. Tar is a complex mixture of polycyclic aro-
matic hydrocarbons (PAHs), which can lead to difficulties in 
downstream engines but these problems could be overcome 
via catalytic and/or thermal tracking of tars. The quality of 
producer syngas is strongly affected by feed properties and 
operational conditions such as reaction temperature and 
gasification agent. Among all available gasification agents 
(air, oxygen, steam or mixture of these agents), air is more 
common due to its extensive abundance at no cost [6]. How-
ever, biomass gasification with air often produces a fuel gas 
rich in  N2 (50–65%) and consequently low in heating value 
(4–6 MJ  Nm−3) [7]. A mixture of air and steam may be used 
in cases in which the dilution of the gaseous fuel with  N2 
may lead to serious problems in further applications [8].

The main technical barrier for syngas production is tar 
formation because it not only reduces the caloric value of the 
produced syngas but may also cause serious technical prob-
lems to the system [9]. The produced syngas from biomass 
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gasification is not currently feasible for industrial applica-
tions because it has a high level of tar content, which ranges 
from 0.1 to 150 g  Nm−3 [10]. However, in order to use the 
produced syngas in most applications, the tar content must 
be less than 0.05 g  Nm−3 [11]. Among all available options 
for tar reduction, catalytic conversion and thermal crack-
ing are the most used techniques. Thermal cracking is more 
common for tar cracking because it economically degrades 
the complex condensable hydrocarbons into simple fuel 
gases (e.g.,  H2,  CH4).

Process simulation on the basis of experimental param-
eters can save considerable time and cost. However, simula-
tion of biomass gasification is a complex process because 
it involves a series of thermochemical processes and com-
plicated phenomena which occur mostly simultaneously. In 
general, there are three main models for simulation of bio-
mass gasification, which are as follows: equilibrium models, 
kinetic models, and artificial neural network (ANN) models. 
A number of studies have been performed on simulation 
of biomass gasification. Yu et al. [12] used two validated 
models based on minimizing Gibbs free energy and reaction 
kinetics to compare the accuracy of the models. The authors 
concluded that the kinetic models are more accurate than 
equilibrium models. Moreover, the researchers analyzed the 
produced gas compositions under various operating condi-
tions (equivalence ratio, temperature, moisture content and 
biomass composition). The results showed that the biomass 
composition significantly affects the quality of the syngas. 
Hejazi al. [13] developed a kinetic model for simulation of 
steam gasification of biomass in a bubbling fluidized bed. 
The main focus of their study was on the prediction of the 
product gas composition at different temperatures and steam/

biomass ratios. Using a coarse-grained CFD-DEM approach, 
Ostermeier et al. [14] studied the overall behavior of a bub-
bling fluidized bed reactor during steam gasification of wood 
by using a simulation tool (ANSYS Fluent). To support a 
reliable model, heat and mass transfer and solids collisional 
behavior were considered in their model.

However, there still is a lack of knowledge concerning the 
tar formation, which impedes proper designing and upscal-
ing of fluidized bed reactors. The main purpose of this work 
is to develop and validate an ASPEN plus model for predict-
ing the gas composition with considering tar concentration. 
The model firstly validated against two sets of previously 
published experimental data. Next, a parametric study was 
performed to investigate the effects of equivalence ratio 
(ER), gasifier temperature and steam/biomass ratio (S/B) 
on the gas compositions, tar concentration and gasifier per-
formance indicators.

Model description

The main purpose of this study is to develop an ASPEN 
plus model of biomass gasification with air and steam as 
gasification agent. Figure 1 shows a flowsheet diagram of the 
gasification system. The following assumptions were used in 
the model: (1) ash is not considered; (2) char is considered 
as 100% carbon; (3) heat losses are not considered in the 
calculations; (4) biomass devolatilization is considered as 
an instantaneous process. Biomass is considered as a non-
conventional component. Enthalpy and density of feedstock 
was calculated by using HCOALGEN and DCOALIGT, 
respectively, based on the proximate and ultimate analyses 
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(Table 1). Firstly, biomass was dried by using a RYIELD 
reactor (block ID: DR) by converting a portion of feedstock 
into water. The moisture content in biomass was specified 
by using a calculator block which takes into consideration 
the chemical composition of biomass. The dried feed was 
then transferred to a second RYIELD reactor (block ID: 
DECOM) to decompose the feedstock into its constituent 
elements by specifying the yield distribution according to 
the biomass characteristics presented in Table 1. To separate 
the condensable materials (tars) from solid material (char) 
and volatiles, a separator (block ID: SP1) was used. A RGI-
BBS reactor (block ID: TAR COMB) was used to simulate 
the tar combustion which uses a Gibbs free energy minimi-
zation approach for equilibrium calculations. The combus-
tion products, solid char and volatiles were transferred to a 
RPLUG reactor (block ID: CHF) to simulate char gasifica-
tion using kinetic data available in the literature. The kinetic 
parameters used for the simulation of gasification section 
can be found elsewhere [15, 16].

Data analysis

The char conversion efficiency (CCE) and cold gas effi-
ciency (CGE), which are two important indicators of the 
gasification process, were calculated as follows [9]:

where  YG,  LHVsyngas,  LHVfeed and C are the dry gas yield 
 (Nm3  kg−1), the lower heating value of the produced syngas 
(MJ  Nm−3), the lower heating value of feedstock (MJ  kg−1) 
and carbon content in the feedstock according to the ultimate 
analysis.  LHVsyngas is calculated as follows [17]:

(1)CCE =
12YG(CO% + CO2% + CH4% )

22.4 × C%

(2)CGE =
YG × LHVsyngas

LHVFeed

,

(3)
LHVsyngas = (10.8[H2] + 12.63[CO] + 35.82[CH4])∕100

Here,  [H2], [CO] and  [CH4] are the volume fraction of the 
 H2, CO and  CH4 in the dry producer gas, respectively.

Results and discussion

Model validation

In order to validate the model, experimental results from 
pine sawdust gasification in a fluidized bed gasifier [18] were 
selected. The produced gas compositions at different condi-
tions were compared with experimental data. The compari-
son of model predictions and experimental results reported 
by Ma et al. [18] are shown in Fig. 2. From Fig. 2, it can be 
observed that the model predictions show good agreement 
with the experimental results; however, the predicted  H2 
concentrations show a slight deviation from experimental 
data, attributed to the relevant kinetic expressions used in the 
present model and lack of sufficient kinetic data for simula-
tion of tar conversion.

Parametric study

The reaction temperature is an important parameter in bio-
mass gasification. The reaction temperature was varied from 
700 to 850 °C, while ER is kept constant. Figure 3 shows 
the variation in dry gas composition with change in reac-
tion temperature from 700 to 850 °C. The syngas  (H2 and 
CO) concentration increased with increasing temperature, 

Table 1  Properties of rice husk

LHV = 12.85 MJ/kg

Proximate analysis/mass%/Dry basis, mass% Ultimate analysis/
Dry basis, mass%

Volatile 61.78 C 37.65
Fixed carbon 8.04 H 5.13
Ash 30.18 N 1.63
Moisture 4.55 S 0.18

O 55.4
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Fig. 2  Comparison between the simulated results and the reported 
data by Ma et al. [18] at different ERs
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while  CO2 content showed a decreasing trend. The major 
reactions involved in biomass gasification are as fol-
lows: water–gas shift reaction (CO +  H2O →  CO2 +  H2, 
∆H = -41 kJ/mol), water–gas reaction (C +  H2O → CO +  H2, 
∆H = 131 kJ/mol), Boudouard reaction (C +  CO2 → 2CO, 
∆H = 172  kJ/mol), methane–steam reforming reaction 
 (CH4 +  H2O → CO +  3H2, ∆H = 206 kJ/mol), and tar crack-
ing reaction  (CnHm +  nH2O → (n + m/2)  H2 + nCO, ∆H > 0). 
The increase of syngas concentration with increasing tem-
perature can be attributed to the water–gas reaction prevail-
ing at higher temperature as reported by Hejazi et al. [19]. In 
general, higher temperature favors the endothermic reactions 
like water–gas reaction and Boudouard reaction, increasing 
syngas concentration and decreasing  CO2 content. The  CH4 
content also decreased with increasing temperature from 700 
to 850 °C, which is consistent with the result reported by 
Hejazi et al. [19]. From the above analysis, it can be seen 
that increasing temperature would be helpful in enhancing 
the syngas quality and quantity.

Variations in product gas yield,  H2 yield and tar yield 
with increasing temperature from 700 to 850 °C are shown 
in Fig. 4. As can be observed in Fig. 4, tar yield decreased 
from 5.85 g  Nm−3 to 2.74 g  Nm−3 as the reaction tempera-
ture increased from 700 to 850 °C, which can be attributed 
to the acceleration of tar cracking reaction. According to 
literature reports [20], higher temperature is more favorable 
for tar elimination, and subsequently high quality syngas 
production. The gas yield increased obviously as the reaction 
temperature increased, peaking at 1.52  Nm3  kg−1 at 850 °C, 
which can be attributed to the higher rate of endothermic 
reactions such as water–gas reaction and Boudouard reaction 

at higher temperatures. From Fig. 4, it can be seen that the 
 H2 yield mostly increased with increasing temperature and 
reached a maximum value of 18.82 g/kg at 850 °C which is 
probably due to the higher rate of water–gas reaction as well 
as tar cracking reaction.

Figure 5 shows the variation in CCE and CGE with 
change in reaction temperature from 700 to 850 °C. From 
Fig. 5, it can be observed that CCE increased by 5.58% as 
the reaction temperature increased from 700 to 850 °C. Since 
the water–gas reaction and Boudouard are endothermic, 
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elevating the temperature promotes these reactions toward 
more char consumption and syngas production. CGE also 
increased from 46.49 to 50.15% with increasing tempera-
ture from 700 to 850 °C. As gasification is mainly an endo-
thermic process, product flow rate enhances with increasing 
reaction temperature. These trends are in agreement with 
experimental data reported in the literature [21].

Figure 6 shows the variation in the produced gas compo-
sition with change in ER in the range of 0.169–0.255. ER is 
defined as the ratio of the actual air/fuel to the stoichiometric 
air/fuel. From Fig. 6, it can be observed that CO and  CH4 
contents decreased as ER increased from 0.169 to 0.255, 
while  CO2 showed an increasing trend. Increasing ER means 
increasing the air added to the gasifier. Increasing the air 
causes the process to shift toward the char combustion zone, 
and thus the concentrations of CO and  CH4 decrease and 
the content of  CO2 increases. As can be seen in Fig. 6, H2 
content slightly increased with increasing ER in the range 
of 0.169–0.255, which might be attributed to the increase of 
tar cracking reaction.

Figure 7 shows the variation in product gas yield,  H2 
yield and tar yield with change in ER from 0.169 to 0.255. 
It can be observed from Fig. 7 that, as the ER increased, 
the gas yield increased slowly which is probably due to the 
higher rate of char conversion via endothermic water–gas 
and Boudouard reactions. Increase in the gas yield can also 
be due to the dilution effect of  N2 in the air. This increase 
in the gas yield with increasing ER is in agreement with the 
literature [22]. The yield of tar exhibited a trend that slightly 
decreased when the ER increased. This can be explained 
by more tar conversion taking place because of increased 

endothermic nature of the process. A slight reduction in the 
tar yield with the increase of ER can be due to keeping the 
temperature constant. As expected,  H2 yield increased from 
10.25 g/kg to 19.52 g/kg with increasing ER from 0.169 to 
0.255, which can be attributed to the higher rate of tar con-
version with the increase of ER.

The effects of ER on CCE and CGE are shown in Fig. 8. 
As shown in Fig.  8, with the increase in ER, the CCE 
sharply increased from 51.63 to 87.41%, probably because 
the increased ER (air) promoted the char combustion, caus-
ing the  CO2 content to rise. However, it should be noted 
that excessive air will enhance the combustion reactions and 
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gradually decrease the quality of syngas. As ER increased in 
the range of 0.169–0.255, CGE slightly decreased from 36.6 
to 56.17%. The char in the biomass reacts with the oxygen 
content in the air via the oxidation reactions, thereby causing 
the increase of  CO2 content and the decrease of energetic 
species.

Variations in product gas composition with increasing 
S/B are shown in Fig. 9. The reaction temperature (800 °C) 
and ER (0.211) were kept constant, while S/B changed in 
the range 0.0–0.48. From Fig. 9, it can be seen that the  H2 
content increased by 20.9% as S/B increased from 0.0 to 
0.48. The increase of steam addition can enhances tar crack-
ing and water–gas shift reactions. These two reactions utilize 
heavier hydrocarbons and water vapor to produce hydrogen. 
The decrease of CO content with increasing S/B was due to 
CO reacting with water vapor in water–gas shift reaction, 
which leads to an increase in the contents of  H2 and  CO2. 
The production rate of  CH4 also decreased with higher S/B 
due to  CH4 reacting with water vapor in the methane–steam 
reforming reaction, increasing  H2 production. The decrease 
of CO production with the increase of S/B is due to the 
fact that the water–gas shift reaction is the dominant reac-
tion over the methane-reforming reaction for the S/B range 
studied [5].

Figure 10 shows the effect of S/B on the product gas 
yield,  H2 yield and tar yield at 800 °C and ER of 0.211. 
When S/B ranged from 0.0 to 0.48, the gas yield increased 
with the increase in S/B, which may be attributed to the 
increase of char conversion, promoting the production of 
carbonaceous gas species. When S/B increased from 0.0 to 
0.48, the tar yield slightly decreased from 5.84 g  Nm−3 to 

5.28 g  Nm−3. This may be due to the increase in the endo-
thermic nature of the tar cracking reaction with the increase 
in the S/B. With the increase of S/B from 0.0 to 0.48, the  H2 
yield reached its highest level. This trend may be due to the 
increase in the steam content in the gasifier with the increase 
in the S/B; the tar cracking and water–gas shift reactions 
would have been enhanced, causing the  H2 yield to rise.

The variations in CCE and CGE with change in S/B are 
shown in Fig. 11. As can be seen in Fig. 11, CCE slightly 
increased with increasing S/B in the range of 0.0–0.48. In 
fact, with the increase in S/B, the tar cracking reaction is 
more dominant than the water–gas reaction, causing the char 
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conversion to improve. When S/B increased in the range of 
0.0–0.48, CGE increased by 6.7% which may be attributed 
to the fact that the rise in S/B promotes the tar conversion 
and gas production, thereby increasing CGE.

Conclusions

In the present study, a comprehensive ASPEN plus model 
was developed to simulate biomass gasification at various 
conditions. In the model, the produced syngas compositions, 
products yield and gasifier performances were predicted 
using a series of chemical reactions with kinetics. This study 
showed the following:

• The syngas  (H2 and CO) concentration increased with 
increasing temperature, while  CO2 content showed a 
decreasing trend.

• Higher temperatures, higher equivalence ratios (ERs) 
and higher steam/biomass ratios (S/Bs) were found to 
increase the  H2 content in the gas stream and tar crack-
ing.

• The gas yield slightly increased with the increase of the 
reaction temperature, ER and S/B.

• Both the char conversion efficiency (CCE) and cold gas 
efficiency (CGE) slightly increased with the increase of 
reaction temperature, ER and S/B.
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