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Abstract 
Modeling of biomass gasification has been an active area of research for past two decades. In the 
published literature, three approaches have been adopted for the modeling of this process, viz. 
thermodynamic equilibrium, semi-equilibrium and kinetic. In this paper, we have attempted to present a 
comparative assessment of these three types of models for predicting outcome of the gasification process 
in a circulating fluidized bed gasifier. Two model biomass, viz. rice husk and wood particles, have been 
chosen for analysis, with gasification medium being air. Although the trends in molar composition, net 
yield and LHV of the producer gas predicted by three models are in concurrence, significant quantitative 
difference is seen in the results. Due to rather slow kinetics of char gasification and tar oxidation, carbon 
conversion achieved in single pass of biomass through the gasifier, calculated using kinetic model, is 
quite low, which adversely affects the yield and LHV of the producer gas. Although equilibrium and 
semi-equilibrium models reveal relative insensitivity of producer gas characteristics towards temperature, 
the kinetic model shows significant effect of temperature on LHV of the gas at low air ratios. Kinetic 
models also reveal volume of the gasifier to be an insignificant parameter, as the net yield and LHV of 
the gas resulting from 6 m and 10 m riser is same. On a whole, the analysis presented in this paper 
indicates that thermodynamic models are useful tools for quantitative assessment of the gasification 
process, while kinetic models provide physically more realistic picture. 
Copyright © 2013 International Energy and Environment Foundation - All rights reserved. 
 
Keywords: Biomass gasification, CFB gasifier, equilibrium models, Gibbs energy minimization, 
Pyrolysis, Producer gas. 
 
 
 
1. Introduction 
Biomass gasification has emerged as a potential solution to rural electrification in developing countries 
through decentralized power generation. In addition, being a renewable energy source, biomass 
gasification also helps reduction of net greenhouse gas emission and mitigation of global warming. 
Gasifiers of different types and varying capacities are currently available in market. The capacities range 
from as low as 10 kW to a few MW. Broadly gasifiers are classified as moving bed and fluidized bed. 
Based on the relative flow of biomass and gasification medium (air), the moving bed gasification are 
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further categorized as: (i) updraft, (ii) downdraft and (iii) cross draft. On the other hand, the mode of 
fluidization is used to categorize fluidized bed gasifies as bubbling bed and circulating fluidized bed. An 
efficient design and scale up of a gasifier requires an insight into the process of gasification through 
mathematical and physical models. Past 3 decades have seen immense research activity in this field. 
Basic chemistry of biomass gasification closely resembles that of coal gasification, and hence, 
mathematical models for biomass gasification have been derived from coal gasification. However, these 
are several differences in the composition of biomass and coal. In addition to lignin (as in coal), biomass 
also contains significant amount of hemi–cellulose and cellulose. The reactivity of biomass is usually 
much higher than that of coal, which is mainly attributed to very low ash content of biomass. Another 
important difference is in term of relative contents of volatiles and fixed carbon. The fixed carbon 
content of coal is much higher than biomass, while volatiles content of biomass is significantly higher 
than coal. The volatiles released during the pyrolysis of biomass (which occurs at much faster rate than 
coal) can condense in the form of tar, if the gasification temperature is below ~ 1000oC. Tar content in 
the producer gas resulting from biomass gasification can create significant operational problems in the 
equipment (for example, furnace, dual fuel or 100% producer gas engines etc.), in which the gas is used. 
There have been mainly two approaches adopted by researcher in modeling of biomass gasification. First 
is that of equilibrium modeling, in which the Gibbs free energy of the gasification system is minimized 
to determine the composition of the species resulting from gasification of biomass. These models are 
further classified on the basis of algorithm used for Gibbs energy minimization as stoichiometric and 
non–stoichiometric models. The stoichiometric models take into account specific chemical reactions and 
the equilibrium constants of these reactions at gasification temperature. The non–stoichiometric models 
are based on elemental balance technique, in which the composition of the reaction mixture is determined 
using Gibbs energy minimization using numerical methods such as Langrangian multipliers. The second 
approach for modeling of gasifier is kinetic modeling, in which the scheme of reactions occurring during 
gasification is coupled to hydrodynamics of the gasifier. Among the three approaches, physically most 
realistic approach is the kinetic modeling. However, many limitations of these models restrict their wide 
applicability. The first limitation is that of availability of precise kinetic constants over a wide range of 
temperature and pressure. Second limitation is in terms of coupling of hydrodynamics of the gasifiers 
and kinetics of reaction scheme by identification and quantification of proper linkages between the two. 
These models involve various physical aspects of the gasification system such as gas solid and solid–
solid (heat and mass) transport coefficients, velocities of various phases and residence time distribution. 
These features make the model system specific and more error prone. Equilibrium models are on the 
contrary, independent of design of gasifier. Thus, these can be applied to both moving and fluidized bed 
gasifiers. In addition, thermodynamic models predict the “limiting” or maximum possible performance 
of the gasifier under a given set of operating conditions. Thus, predictions of these models form useful 
basis for optimization of gasifier in terms of operating conditions. 
Biomass gasification process essentially aims at selective conversion of biomass to carbon monoxide and 
hydrogen. The extent of this conversion is a function of both design and operating parameters. 
Practically, complete conversion of biomass to desired products is not achieved. Some fraction of carbon 
in the biomass remains unconverted in the form of char, while some carbon appears in the form of tar, 
which are essentially heavy hydrocarbons (both aliphatic and aromatic) that condense at room 
temperature. Formation of char and tar is loss of energy of the biomass. Extent of carbon conversion 
determines the quality (lower heating value, MJ/Nm3) and quantity (Nm3 of gas/kg of biomass) of 
producer gas resulting from gasification. On microscopic level, elemental composition (C, H, N, and O) 
of gasification mixture determines these parameters. The elemental composition of gasification mixture, 
in turn, is generated by biomass type, moisture content of the biomass and the equivalence or air ratio. 
 
2. Aim and approach of present study 
In this paper, we have attempted to compare the equilibrium, semi–equilibrium and kinetic models of 
biomass gasification using a circulation fluidized bed gasifier as basis. We have selected two biomass, 
viz. wood particles (or dust) and rice husk, with gasification medium being air as the model system. The 
equilibrium model used in our study is based on well known algorithm SOLGASMIX [1]. The elemental 
vector input to this model is determined from ultimate composition of biomass and the air ratio. This 
model has also been used to determine semi–equilibrium conditions by using extent of carbon conversion 
as a manipulation parameter. The kinetic model comprises of scheme of 13 known chemical reactions 
(both homogeneous and heterogeneous) among various species resulting from pyrolysis of biomass. The 
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kinetic constants for these reactions have been obtained from literature. Section 4 gives greater details the 
physical picture of the gasification process in the CFB gasifier. Extent of carbon conversion achieved in 
the gasifier depends mainly on the temperature and air ratio. It should be noted, however, that 
temperature of the gasifier itself depends on extent of carbon conversion due to simultaneous 
endothermic /exothermic reactions during gasification. Thus, in principle carbon conversion can not be 
considered as an “independent” or manipulation parameter. But, for a CFB gasifier, the extent of carbon 
conversion also depends on the residence time of biomass particles, which is governed by velocity of 
these particles. For no slip condition, velocity of the biomass particles is equal to air velocity in the riser 
section of gasifier, which is a design parameter, as explained in the next section. On the basis of these 
arguments, the semi–equilibrium model uses carbon conversion as independent parameter. Finally, we 
have compared the predictions of various models against experimental data. 
 
3. Literature review 
Before proceeding to the methodology and results section, we briefly review here the literature in the 
area of modeling of biomass gasification using both kinetic and equilibrium approaches. Kinetic models 
are mostly associated with fluidized bed gasifiers, in which the process of gasification is kinetically 
limited. As far as modeling of fluidized bed gasifiers is concerned, coal gasification has been extensively 
studied. Some notable contribution to coal gasification are from [2-12]. We would like to specifically 
mention that literature on coal gasification /combustion in circulating/bubbling fluidized bed is quite 
vast, and a thorough review of it is beyond the scope of this paper. References cited above are a few 
representative papers in this area. The models for coal gasification /combustion in fluidized bed systems 
have formed basis for development of models for biomass gasification. Literature on kinetic modeling of 
biomass gasification in various types of gasifiers has also seen numerous contributions in last two 
decades. 
Contribution in 1980s are from Belleville and Capart [13], who developed a model to predict outlet gas 
concentration from wood gasifier, and Chang et al. [14], who developed a model for biomass gasification 
in fluidized bed. In another notable contribution, van der Aarsen [15] modeled a fluidized bed wood 
gasifier. Literature published in 1990s includes contribution from Corella et al. [16], who addressed the 
issue of non–stationary states in a commercial fluidized bed air–biomass gasifier. Jiang and Morey 
[17,18] have developed a numerical model for fluidized bed biomass gasifier, which was based on their 
own experiments. Experiments were conducted in lab–scale gasifier–combustion system, with gas 
samples analyzed using online gas chromatograph. 
The numerical model of Jiang and Morey [17,18] was 1–D, steady state comprising of 4 sub–models, 
viz. fuel pyrolysis model, oxidation model, gasification model and freeboard model. The model could 
assess major mechanisms of gasification such as fuel pyrolysis and chemical/physical rate processes. 
Wang and Kinoshita [19] have also developed kinetic model of biomass gasification based on 
mechanism of surface reaction, in which the approach rate constants were computed by minimizing 
differences between experimental data and theoretical results. Mansaray et al. [20, 21] have developed 
two models (single and double compartment) using ASPEN PLUS process simulator that could predict 
steady state performance of a dual distributor type fluidized bed rice husk gasifier under wide range of 
operating conditions. Sadaka et al. [22-24] developed a model for bubbling fluidized bed gasifier on the 
basis of two–phase theory of fluidization. In this model, the fluidized bed was divided in 3 zones and 
transport co–efficient (heat and mass) were calculated in each zone for both bubble and combustion 
phase. Other models include those from [25-37]. 
Numerous authors have applied both stoichiometric and non–stoichoimetric models for biomass 
gasification. The notable contributions include: [38-45] have assed performance of biomass gasification 
system for decentralized heat and power generation with equilibrium models, and Zainal et al. [46] have 
studied effect of gasification temperature and moisture content of biomass on producer gas composition. 
Similarly, Alderucci [47] has studied gasification of biomass with steam and CO2 as gasification 
medium. Ruggerio and Manfrida [48] have also attempted to predict performance of downdraft gasifier 
(in terms of product gas composition and overall efficiency) using thermodynamic model. Some other 
studies using equilibrium (or semi–equlibrium) models are from [49-53]. 
 Literature involving application of non–stoichiometric model is relatively less. Researchers have applied 
different algorithms for Gibbs energy minimization. These algorithms include STANJAN [54], RAND 
[55] and SOLGASMIX [1]. The major contributions in this area are from [56-59]. 
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For greater details on both equilibrium and kinetic modeling of biomass gasification we refer the reader 
to state of the art reviews by [60-63]. 
  
3.1 Inference and justification of present study 
Voluminous literature has been published in the area of modeling of biomass gasification using both 
kinetic and equilibrium approach. As noted earlier, kinetic models have advantage of being physically 
more realistic, while equilibrium model have merit of wide applicability and being independent of 
gasifier design. A comparative study is, thus, necessary to compare the predictions of the two models 
under same gasification conditions. Such comparison will give quantitative account of the discrepancy in 
the predictions of the two models. This will help identify suitability of the models under a particular 
situation. It will also help identify conditions for which and under which the gasification system deviates 
from equilibrium. Such an analysis will help identify process/design parameters, which play vital role in 
achieving equilibrium in the system (i.e. conditions for which the output of gasification process will be at 
its maximum). 
 
4. Physical picture of gasification in a CFB biomass gasifier 
We take a typical pilot scale circulating fluidized bed biomass gasifier as basis for comparison of kinetic 
and equilibrium models. This gasifier unit comprises of: (1) riser, (2) cyclone separator, (3) burner–
blower system for hot gas generation, (4) biomass hopper and screw feeder, (5) gas cooling system, (6) 
particulate filter system (either single or double stage), and (7) dual fuel generator. We briefly describe 
here the physics or mechanics of the process. Biomass enters the riser section of the gasifier near (just 
above) the perforated plate distributor. The gasifier medium is hot air at about 700–900oC, and enters 
from the below the distributor plate. A bed of sand (stagnant height ~ 30 cm) is used as inert material in 
the riser (ID = 4 in.). Initially, hot air–sand mixture is circulated in the gasifier riser section to establish 
(almost) uniform temperature in the riser. The velocity of air through riser is so adjusted as to give 
turbulent or vigorous bubbling mode of fluidization for sand, while pneumatic conveyance regime for 
biomass particles. Under these fluidization conditions, the bed of sand expands about 50–60% of its 
initial height. Biomass entering the riser has medium particle size of ~ 0.5 – 1 mm, and gets mixed with 
hot sand in turbulent motion. Both gas–particle and particle–particle heat transfer rates are high, and 
hence, biomass particles reach the temperature of sand bed and get pyrolyzed almost instantly. Liu and 
Gibbs [30] have given following expression for the devolatilization time (in seconds) of biomass 
particles: 

( ) 508.0

662.1

613

443.27

−
=

T

d
t p
d

 where dp is the biomass particle size in mm, and T is the temperature in K. It 

should be noted that biomass particles may also get ruptured or sintered during mixing with hot sand. 
We, therefore, have considered a range of particle sizes, viz. 0.5 – 1 mm for our analysis. The pyrolysis 
time for these particles is ~ 0.13 s and 1.38 s, respectively. This is sufficiently small to justify assumption 
of instantaneous de-volatilization of biomass particles. Pyrolysis of biomass results in fractionation of 
biomass into three components: char (which is carbon rich solid fraction), tar (which is essentially heavy 
hydrocarbons) and light gases such as CO, CO2, H2, CH4, C2H4 and C2H6. 
The products of pyrolysis, viz. char, tar and gases disengage and emerge out of the turbulent sand bed, 
and flow along the riser with gasification medium; finally exiting at the top to enter a cyclone separator. 
Various species in the gas undergo reactions during their flow through the riser. These reactions are both 
heterogeneous (between char and gases) and homogeneous (among gas species) type. The cyclone 
separator separates the solid from exhaust gas, i.e. char particles and also some sand particles that get 
elutriated, and return them to the riser bottom. The gas exiting from cyclone separator has fine dust 
particles (of a size smaller than the critical particle size captured by cyclone separator). This gas in 
initially cooled by spraying water in it. With cooling of gas at room temperature, the tar component 
condenses and gets carried in the form of droplets in the gas. The gas is then filtered to remove both solid 
particles and tar droplets, and also passed through moisture absorber beds (such as saw dust). It is then 
fired into the producer gas engine coupled to a generator. 
 
5. Model formulation 
5.1 Kinetic model 
The kinetic model takes into account 13 simultaneous reactions among various species resulting out of 
pyrolysis. These reactions and their kinetic constants are given in Table 1. The reaction scheme 
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comprises of 4 heterogeneous reactions of char gasification with O2, H2O, CO2 and H2. In addition, 9 
homogeneous reactions have been considered among 9 species, viz. O2, CO, CO2, H2O, H2, CH4, C2H6, 
C2H4 and tar. The mole / mass balance for various species is written as: 
 

Carbon:- ( )1 2 3 43

1ChardF kg r r r r
dV m s uA

⎛ ⎞ = − + + +⎜ ⎟−⎝ ⎠
 (1) 

 
Oxygen:- 2 1

6 7 8 10 11 12 133

0.85 0.5 1.5 0.5 0.5 3 0.68
12

OdF rkmol r r r r r r r
dV m s uA

⎛ ⎞ ⎛ ⎞= − − − − − − − −⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
 (2) 

 
Carbon-monoxide-(CO):- 31 2

5 6 7 8 9 11 133

0.3 1 2 0.8 0.75
12 12 12

COdF rr rkmol r r r r r r r
dV m s uA uA uA

⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + + − − + + + + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠ ⎝ ⎠
 (3) 

 

Carbon Dioxide (CO2): 2 31
5 6 12 133

0.7 2 0.25
12 12

COdF rrkmol r r r r
dV m s uA uA

⎛ ⎞ ⎛ ⎞= − + + + +⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
 (4) 

 

Water-(H2O):- 2
5 7 9 10 11 12 133 2 1.2 2 0.28H OdF kmol r r r r r r r

dV m s
⎛ ⎞ = − + − + + + +⎜ ⎟−⎝ ⎠

 (5) 

 

Hydrogen (H2): 2 12 4
5 8 9 103

2 2 3
12 12

HdF r rkmol r r r r
dV m s uA uA

⎛ ⎞ ⎛ ⎞= − + + − −⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
 (6) 

 

Methane-(CH4):- 4 4
7 8 93 12

CHdF rkmol r r r
dV m s uA

⎛ ⎞ = − − −⎜ ⎟−⎝ ⎠
 (7) 

 

Ethane-(C2H6):- 2 6
113 0.04C HdF kmol r

dV m s
⎛ ⎞ = −⎜ ⎟−⎝ ⎠

 (8) 

 

Ethylene-(C2H4):- 2 4
123

C HdF kmol r
dV m s

⎛ ⎞ = −⎜ ⎟−⎝ ⎠
 (9) 

 

Tar:- 133
TardF kmol r

dV m s
⎛ ⎞ = −⎜ ⎟−⎝ ⎠

 (10) 

 
The term (uA) is the instantaneous volume of the reaction mixture and a factor that converts the original 
rate expression for char gasification in kg/s to kg/m3–s. It has been derived with simple chain rule as 
follows: 
 

1 1
3

r rdW kg dW dt dt
dV m s dt dV A dx uA

⎛ ⎞ ⎛ ⎞= × = × =⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
 (11) 

 
dV is the differential volume of the gasification mixture. Since the gasification mixture flows axially 
through the riser, we can represent the differential volume of thickness dx as A × dx, where A is the area 
of cross–section. dx/dt is the axial velocity (u) of the gasification mixture (char + tar + gaseous species). 
Assuming no slip condition in the gasification mixture, i.e. the solid char particles move with same 
velocity as the gasification mixture, the velocity can be calculated by dividing the volume of the gaseous 
species in the mixture by the cross–sectional area of riser. The above reaction scheme is integrated with 
volume as an independent variable with Runge–Kutta 4th order – 5th order adaptive step size method. We 
consider two heights for the riser section, viz. 6 and 10 m. The corresponding volumes of the risers (for 
4” ID) are 0.0486 and 0.081 m3, respectively. 
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Table 1. Scheme of reactions in the kinetic model along with rate expressions 
 

 
 

5.2 Equilibrium model 
The equilibrium model is based on algorithm SOLGASMIX proposed by Eriksson [1] for calculation 
composition of reaction system at thermodynamic equilibrium through Gibbs energy minimization of the 
system. Simulations have been carried out with software FACTSAGE [64, 65]. We give below only the 
main equations of this model. For greater details on the model, please refer to original paper by Eriksson 
[1] or earlier paper by authors of this study [66]. Solution to this model is obtained using an iterative 
procedure (method of Lagrangian multipliers with constraint of mass balance equations) in terms of mole 
numbers and fractions of gas / condensed phase species at equilibrium that could result from reactant 
species at a specific temperature and pressure, for which the total free energy of the system is at its 
minimum. 
Total Gibbs free energy (G) of a system comprising of mixture of i species is: 
 

i i
i

G x g=∑  (12) 

 
ix  is the mole number of a substance or species in the mixture. Chemical potential of a species i ( ig ) is: 

 
0 lni i ig g RT a= +  (13) 

 
ia  represents activity coefficient of a species and it is equal to the partial pressure ip  for a gaseous 

species assuming ideal behavior: 
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( / )i i ia p x X P= =  (14) 
 
X represents total number of moles in the gas phase and P is the total pressure of the system, 
respectively. The condensed substances are assumed to be pure, and hence, their activities are equal to 
unity. With these assumptions, a new dimensionless quantity (G/RT) is defined as: 
 

0 0

1 1
/ [( / ) ln ln( / )] ( / )

m s
g g g c c
i i i i i

i i

G RT x g RT P x X x g RT
= =

= + + +∑ ∑  (15) 

 
Superscripts g and c represent gas phase and condensed phase, respectively, while m and s represent the 
total number of substances in the gas phase and condensed phase, respectively, at equilibrium. R is the 
ideal gas constant. The quantity (go/RT) for a certain substance is calculated as with reference to standard 
state at 298 K: 
 

298 298( / ) (1/ )[ ) / /o o o o
fg RT R G H T H RT= − + ∆  (16) 

 
Superscript o refers to the thermodynamic standard state; subscript 298 refers to the reference temperature; 
subscript f denotes the formation of a compound from the elements in their standard states. Overall mass 
balance in the system among various species can be written as: 
 

1 1
( 1,2,..... )

m s
g g c c
ij i ij i j

i i
a x a x b j l

= =

+ = =∑ ∑  (17) 

 
Various notations are as follows: aij – number of atoms of the jth element in a molecule of the ith 
substance, bj – total number of moles of the jth element, l  – total number of elements. The method 
involves a. For solution of this system of equations, Lagrange’s method of undetermined multipliers is 
used. The solution essentially involves minimization of the free energy G of a system (or equivalently 
G/RT as given in equation 15) subject to the mass balance constraints. 
Total heat of the process for attainment of equilibrium is determined as follows: 
The energy necessary for pre–heating the initial mixture (HP) from the initial temperature T1 K to the 
reaction temperature T K, added to the heat of reaction ( )HR , gives the total heat ( )HT : HT HP HR= + . 
HP  and HR  are determined as follows: 
 

*
1( )o o

i T i
i

HP x H H= −∑  (18) 

 
where *x  denotes the number of moles in the initial mixture, and: 
 

1

1( ) ( )
T

o o
T i p i

T

H H C dT− = ∫  (19) 

 
*( ) ( )o

f T i i i
i

HR H x x= ∆ −∑  (20) 

 
where, 298 298 298( ) ( ) [( ) ( ) ]o o o o o o

f T i f i i elementsH H H H H H∆ = ∆ + − − − . Various notations are: H = enthalpy (heat 
content); T = absolute temperature of the system; x* = number of moles in the initial mixture; Cp = heat 
capacity at constant pressure as a function of temperature; 298

o
f H∆  = heat of formation at 298.15 K; 

( )298 /o oG H T−  = free energy function; ( )298
o oH H−  = heat content function. 

 
5.3 Simulation parameters for kinetic and equilibrium model 
The simulation of gasification using either kinetic or equilibrium model requires 3 important parameters. 
These are: (i) temperature of gasification, (ii) pressure of gasification, and (iii) type of biomass. We have 
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chosen values of these parameters on the basis of results of our previous studies, experimental studies 
published in literature and specifications of commercial gasifiers available in market. For the biomass 
type, our choice is rice husk and wood particles (or dust). These are most common feedstock used in 
commercial gasifiers. As far as gasification medium is concerned, we have chosen air for our analysis. 
 
1- Temperature profile 
The axial profile of temperature in the riser section is a critical parameter influencing gasification 
process. The axial profile of temperature, in turn, is affected by several factors such as temperature of 
incoming gasification medium (air or air–steam mixture), the heat released during gasification, the heat 
capacity of gasification mixture (sand, char particles and producer gas) and the losses of heat occurring 
from the riser. The temperature is the highest near the distributor, where the biomass entering the riser 
mixes with hot and turbulent sand bed and undergoes pyrolysis. The temperature shows a decreasing 
profile with height of the riser. The kinetic constants of various oxidation / reduction occurring in the 
riser depend on temperature. As an approximation, we have considered in our analysis an average of 
typical temperatures at the distributor plate of the riser and exit point of the gasification mixture [67, 68]. 
We choose two temperatures, viz. 700 and 800oC for our simulations. Another basis for the choice of 
these temperatures are the results of our previous study, in which we have determined optimum operating 
conditions for gasification of different biomass. A more rigorous approach in the report would be a step–
by–step iterative calculation in which the extent of reaction, heat released /absorbed during reaction, and 
temperature of the gasifier are calculated in discrete manner. 
 
2- Velocity of air 
The superficial velocity of hot air (gasification medium) entering the riser was chosen on the basis of 
hydrodynamic behavior of sand and biomass particles. We have considered that smooth sand as inert bed 
material. The particle size of sand is uniformly 270 µm. The minimum fluidization velocity and terminal 
settling velocity for these particles are 0.028 m/s and 1.45 m/s, respectively. The biomass, on the other 
hand, undergoes significant particle size reduction after getting pyrolyzed. The char particles emerging 
out of sand bed have a broad range of size and shape. We have considered 3 sizes of char particles for 
deciding the superficial velocity of air through the riser. The minimum fluidization velocities and 
terminal settling velocities of these particles are listed in Table 2. As noted earlier, the desired 
fluidization regime for hot sand bed is turbulent (or fast fluidization), while fluidized regime for biomass 
particles is pneumatic conveying. Kunii and Levenspiel [69] have given a comprehensive charts of 
fluidization regimes in terms of non–dimensional velocity (u*) and non–dimensional particle size ( *

pd ) 
for solid particles in different categories (A, B, C and D based on their physical properties). The range of 
actual gas velocities required for having sand particles in turbulent (fast fluidization) mode and biomass 
particles in pneumatic conveying mode is given in Table 2. On the basis of above analysis, we decided 
the superficial air velocity through the riser as 3.5 m/s, which corresponds correspond to volumetric flow 
rate of 100 Nm3/h for cross–sectional area of 0.0081 m2 of the riser. For this air velocity, sand particles 
will always be in the turbulent or fast fluidization regime, while biomass particles will be in pneumatic 
conveyance regime. 
The pyrolysis products emerging from the turbulent sand bed have different velocities. The larger the 
diameter of riser, the larger is the spatial velocity distribution in the gasification mixture passing through 
the riser. However, for small diameter (ID 4 in.) riser as considered in this study, one can assume a 
uniform velocity profile across the cross–section, without any back–mixing. Thus, the gasification 
mixture essentially passes in a plug flow manner through the riser. 
 
3- Air ratio and biomass feed rate 
Another important factor is the air or equivalence ratio (the ratio of actual moles of air supplied to the 
stoichiometric moles of air required for complete oxidation of biomass). In a previous study, we have 
shown that for gasification temperature range of 700 – 1000oC, the optimum range of air ratio is 0.2–0.4. 
On the basis of this result, we have chosen three air ratios for our analysis, viz. 0.2. 0.3 and 0.4. At the 
NTP conditions, 100 m3/h air would correspond to 4089 mol/h or 1.136 mol/s. This would essentially 
mean O2 flow rate of 2.3856 × 10–3 kmol/s and N2 flow rate of 8.9744 × 10–3 kmol/s. The actual air 
requirement for biomass gasification depends on elemental composition or ultimate analysis of biomass. 
We have considered rice husk and wood particles (or dust) as biomass in this study and the ultimate 
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analysis and elemental composition of the same is given in Table 3(a and b), respectively. On the basis of 
ultimate analysis of biomass, the actual air requirement in moles for 100 g of biomass at different air 
ratios (0.2, 0.3 and 0.4) is given in Table 3 c. On the basis of this, the biomass feed rate required for 
achieving these air ratios (corresponding to fixed air flow of 100 Nm3/h) at the inlet of the gasifier is 
calculated, and given in Table 3 c. 

 
Table 2. Hydrodynamic properties of sand and biomass particles in the fluidized bed 

 

 
 

Table 3. Data on biomasses 
 

(a) Ultimate analysis 
 

Carbon Hydrogen Nitrogen Oxygen Ash
Wood chips 40.3 5.7 0.3 38.4 15.3
Rice husk 46.4 5.9 0.09 47.17 0.45

Biomass Composition in weight percent (Dry Basis)

 
 

(b) Elemental composition and molecular formula for biomasses 
 

Carbon (C) Hydrogen (H) Nitrogen (N) Oxygen (O)
Wood chips 3.36 5.70 0.30 2.40 CH1.696N0.09O0.714

Rice husk 3.87 5.90 0.01 2.95 CH1.525N0.002O0.762

Biomass Composition in gatom (per 100 g biomass) Molecular Formula

 
 

(c) Air and biomass flow rate in the CFB gasifier 
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5.4 Input for the equilibrium model 
Input to the equilibrium model is in the form of an elemental vector, which is determined from the moles 
of air and the elemental composition of amount of biomass fed to the gasifier (which in turn is 
determined from the ultimate analysis of biomass). As noted earlier, the moles of air fed to the riser of 
the gasifier are 1.136 mol/s (or 4089 mol/h corresponding to volumetric flow rate of 100 m3/h). The 
biomass feed rate required for having air ratio of 0.2, 0.3 or 0.4 is given in Table 3 c. The elemental 
vector in the present simulations is calculated using these values. For the equilibrium model, we consider 
complete conversion of carbon present in the biomass, while for the semi–equilibrium model we put 
restriction on the extent of carbon conversion. Thus, the g atoms of carbon in the elemental vector input 
are reduced by (1 – xc), where xc is the extent of carbon conversion. The carbon conversion achieved in 
gasification through a circulating fluidized bed gasifier depends on several parameters. Main among 
these are: (1) temperature, (2) biomass particle size, (3) air ratio, and (4) residence time of particles in the 
riser. Some of these factors are inter–dependent, i.e. heat released with conversion of carbon raises the 
temperature of gasification mixture, which further boosts the kinetics of carbon gasification. However, 
due to limited residence time of biomass in gasifier, conversion of carbon in biomass in a single pass 
through riser is not complete, and unconverted carbon appears in the form of char. On the basis of values 
of carbon conversions in experimental studies using CFB gasifiers (either lab or pilot scale) by [68, 70-
72], we have selected two levels of carbon conversion for our simulation with semi–equilibrium model, 
viz. 60% and 80%. The complete elemental vector for different sets of simulations is depicted in Table 4. 

 
Table 4. Elemental vector input for equilibrium and semi-equilibrium models 

 

0.2 0.3 0.4 0.2 0.3 0.4
C 0.767 0.511 0.383 C 0.712 0.475 0.356
H 3.281 2.557 2.196 H 2.922 2.318 2.016
N 2.073 2.070 2.069 N 1.799 1.798 1.797
O 2.015 1.710 1.558 O 1.935 1.633 1.482

H/C 2.567 3.001 3.437 H/C 2.462 2.930 3.400
O/H 0.614 0.669 0.709 O/H 0.662 0.704 0.735
O/C 1.577 2.007 2.438 O/C 1.630 2.064 2.499

0.2 0.3 0.4 0.2 0.3 0.4
C 1.022 0.682 0.511 C 0.950 0.633 0.474
H 3.281 2.557 2.196 H 2.922 2.318 2.016
N 2.073 2.070 2.069 N 1.799 1.798 1.797
O 2.015 1.710 1.558 O 1.935 1.633 1.482

H/C 1.063 0.829 0.712 H/C 2.462 2.930 3.400
O/H 0.614 0.669 0.709 O/H 0.662 0.704 0.735
O/C 0.653 0.554 0.505 O/C 1.630 2.064 2.499

0.2 0.3 0.4 0.2 0.3 0.4
C 1.278 0.852 0.639 C 1.187 0.791 0.593
H 3.281 2.557 2.196 H 2.922 2.318 2.016
N 2.073 2.070 2.069 N 1.799 1.798 1.797
O 2.015 1.710 1.558 O 1.935 1.633 1.482

H/C 1.063 0.829 0.712 H/C 2.462 2.930 3.400
O/H 0.614 0.669 0.709 O/H 0.662 0.704 0.735
O/C 0.653 0.554 0.505 O/C 1.630 2.064 2.499

Carbon Conversion: 100% Carbon Conversion: 100%
Element / 

Elemental Ratio
AR Element / 

Elemental Ratio
AR

Carbon Conversion: 80% Carbon Conversion: 80%
Element / 

Elemental Ratio
AR Element / 

Elemental Ratio
AR

Element / 
Elemental Ratio

AR Element / 
Elemental Ratio

AR

Biomass: Rice Husk Biomass: Wood Chips
Carbon Conversion: 60% Carbon Conversion: 60%

 
 
5.5 Input for kinetic model 
Input to the kinetic model is in terms of the molar flow rates of species forming out of pyrolysis of 
biomass entering the gasifier. The composition of the pyrolysis products depend on several factors such 
as biomass particle size, temperature, gasification medium etc. Several authors have studied the product 
distribution from fast pyrolysis of biomass particles, in which the biomass particles are suddenly 
expressed to high temperature environment (for example, [17, 73-86]). The product distribution from 
pyrolysis is mainly a function of temperature. For our study, we take the results of Di Blasi et al. [86] on 
pyrolysis characteristics of agro–residues as basis.  
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Di Blasi et al. [86] have studied the pyrolysis of rice husk and wood particles, and have reported the 
distribution of pyrolysis products, viz. char, tar and gaseous species, viz. CO, CO2, H2, CH4, C2H4 and 
C2H6 (on the basis of moisture free biomass) as a function of temperature of pyrolysis. We have 
reproduced the results of Di Blasi et al. [86] in Figures 1 and 2. We have fitted polynomial expressions to 
the results of Di Blasi et al. [86]. The best fit expressions for yields of various species are listed in Table 
5 (a and b) for rice husk and wood particles, respectively. The actual yield of these species (in either kg/s 
or kmol/s) at gasification temperature of 973 and 1073 K (700 and 800 oC) and air ratios of 0.2, 0.3 and 
0.4 is given in Tables 6 and 7 for rice husk and wood particles, respectively. These values form input to 
the kinetic model. 
The extent of carbon conversion for kinetic model is determined by residence time of gasification 
mixture in the riser section. This factor is determined by the velocity of the gasification mixture and the 
length of the riser. We have considered two lengths of the riser, viz. 6 m and 10 m above the turbulent 
sand bed from which the pyrolysis products emerge. This would essentially give reaction volumes of 
0.0486 m3 and 0.081 m3, respectively. 
 
5.6 Simulation sets 
With permutation–combination of 3 air ratios (0.2, 0.3 and 0.4), 2 gasification temperatures (700 and 
800oC), and 3 levels of carbon conversions (viz. 100% for equilibrium model and 60 and 80% for semi–
equilibrium model), we get 18 simulation sets with thermodynamic equilibrium and semi–equilibrium 
models for each biomass, viz. rice husk and wood particles. For the kinetic model, we have essentially 12 
simulation sets for each biomass with permutation combination of 3 air ratios, 2 gasification 
temperatures and two reaction volumes. 
 

Table 5. Pyrolysis correlations 
 

(a) Correlations for yield of various components resulting from rice husk pyrolysis 
 

 
 

(b) Correlations for yield of various components resulting from wood particles pyrolysis 
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Table 6. Distribution of products of pyrolysis of rice husk at different temperatures and air ratio 
 

(a) Temperature 700 ºC 
 

 
 

(b) Temperature 800 ºC 
 

 
 

Table 7. Distribution of products of pyrolysis of wood particles at different temperatures and air ratios 
 

(a) Temperature 700 ºC 
 

 
 

(b) Temperature 800 ºC 
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Figure 1. Yield of different pyrolysis products (as wt% of moisture free biomass): (A) char, (B) liquid or 
tar, and (C) gas from various biomass, as a function of temperature of pyrolysis (reproduced from Di 

Blasi et al., [86] with permission of American Chemical Society) 
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Figure 2. Yield of different gas species from pyrolysis of various biomass (as wt% of moisture free 
biomass): (A) CO, (B) CO2, (C) H2, (D) CH4, (E) C2H4 + C2H6, as a function of temperature of pyrolysis 

(reproduced from Di Blasi et al., [86] with permission of American Chemical Society) 
 
6. Results and discussion 
We have presented the results of simulations in three parts. We begin with presentation of the results 
with kinetic model, followed by results with equilibrium and semi–equilibrium models. Finally, we 
present a comparative analysis of the results with all three models. The simulation results for all three 
models comprise of: (1) the molar composition of the gas, (2) net yield (Nm3) of the gas, and (3) the 
LHV (MJ/Nm3) of the gas. In case of kinetic model, we have also presented the profiles of char 
formation and char gasification /combustion under different sets of operating conditions. Figures 3 and 4 
depict the molar composition of producer gas calculated for rice husk using kinetic model for different 
air ratios at 700 and 800oC respectively, while Figures 5 and 6 present the molar composition of producer 
gas for wood particles gasification at 700 and 800oC. Figure 7 shows the trends in formation of char (as 
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wt% of initial moisture free biomass) for rice husk and wood particles, while Figure 8 shows the extent 
of gasification of char (wt% of initial char ) in the riser at different gasification of char (wt% of initial 
char) in the riser at different air ratios and temperature. Figures 9 and 10 show molar composition of 
producer gas resulting from gasification of rice husk at 700oC and 800oC using equilibrium and semi–
equilibrium models. Figures 11 and 12 depict the molar composition of producer gas for wood particle 
gasification calculated using equilibrium and semi–equilibrium models at 700oC and 800oC respectively. 
Figures 13 and 14 describe the trends in net producer gas yield and LHV of the producer gas resulting 
from gasification of wood particles and rice husk, respectively, calculated using kinetic model under 
different gasifying conditions. Figures 15 and 16 show the trends of producer gas yield and LHV of the 
gas for wood particles and rice husk gasification under different conditions calculated using equilibrium 
and semi–equilibrium models. For convenience of the readers, we have also added data tables in Figures 
3-5 and 9-16. In our analysis, we initially identify the (qualitative) trends in the molar of gas, producer 
gas yield, LHV of the gas and the composition of gas and char formation/gasification (in case of kinetic 
model only) for the two models. Subsequently, we attempt to do quantitative comparison of the 
simulation results with various models. 
 
6.1 Analysis of results of kinetic model 
1- Trends in molar composition of producer gas 
The composition of products resulting from pyrolysis of biomass emanating from the hot sand bed (or 
the pyrolysis zone) is given in Tables 6 and 7 for different operating conditions. Fraction of two key 
components of the producer gas, viz. CO and H2 generated in pyrolysis shows drastic reduction with 
increasing air ratio. However, the fraction of these gases shows marginal increase with temperature of 
pyrolysis. As the gasification mixture emerges out of pyrolysis zone and travels upward in the riser, an 
interesting observation is seen for carbon monoxide in that it shows a maxima with volume of riser. 
Fraction of CO in the producer gas for riser of 10 m height is less than that for 6 m height. As in 
pyrolysis, the fraction of CO and H2 in the final producer gas resulting from gasifier also shows reduction 
with air ratio, and marginal rise with temperature. Extent of CO2 generation in pyrolysis is rather 
insensitive to temperature. As the gasification proceeds the fraction of CO2 in the producer gas increases. 
The extent of this rise, obviously, varies directly with the air ratio and inversely with the temperature of 
gasification. Volume of the riser, however, has no effect on the fraction of CO2 in the producer gas. Tar 
content of the gas generated from pyrolysis shows reduction with temperature. Thereafter, however, the 
reduction in tar content is rather low, due to slow kinetics of tar oxidation. The tar content of the gas (in 
terms of moles) remains almost constant from pyrolysis zone till exit from the gasifier. Composition of 
methane, ethane and ethylene in the gas is quite small, and shows marginal reduction from pyrolysis 
zone till exit from gasifier. In the pyrolysis zone, the extent of generation of these three gases shows 
increase with temperature. Once again, the volume of the gasifier has no effect on the composition of 
these species in the final gas. Char generation and subsequent gasification also shows interesting trends. 
As seen from Figure 7, a significant mass fraction of biomass ends up in the form of char. This fraction 
(with respect to moisture free biomass) is practically independent of the air ratio. However, it shows 
reduction with temperature of pyrolysis. Comparing among the two biomass used in this study, we see 
that reduction in weight fraction of char is more marked for wood particles than rice husk. Some 
interesting trends in the gasification (or oxidation) of the char are seen in Figure 8. These are (1) extent 
of char gasification increases with air ratio, (2) fractional gasification of char reduces with temperature 
(for a particular air ratio and gasification volume), and (3) fractional gasification of char is independent 
of the volume of the gasifier. 
 
2- Trends in net gas yield and LHV 
The yield of producer gas shows small reduction with increasing air ratio (for given gasifier volume and 
temperature), marginal rise with temperature of gasification (for a given air ratio and gasification 
volume) and rather insensitivity to volume of gasifier. The LHV of the producer gas shows following 
trends: (1) rise with gasification temperature for given air ratio and reactor volume, (2) reduction with air 
ratio for a given gasification temperature and reactor volume, and (3) reduction with increasing reactor 
volume for a given air ratio and gasification temperature. Comparing among the two biomasses, we 
observe that fluctuations in LHV are more marked for wood chops than rice husk. In fact, for air ratios of 
0.3 and 0.4, the LHV of producer gas from rice husk becomes almost independent of gasification 
temperature and reactor volume. For air ratio 0.2 and temperature 800oC (1073 K), the LHV of producer 
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gas shows a drastic 10 fold rise, as compared to the LHV at 700oC at same air ratio. This trend 
demonstrates critical sensitivity of LHV towards gasification temperature at low air ratios. 
 
6.2 Analysis of equilibrium and semi–equilibrium model 
1- Trends in molar composition 
From the results presented in Figures 7-10, we can identify following trends in the content of the 
producer gas with operating parameters: (1) Fraction of both H2 and CO shows inverse variation with air 
ratio. However , CO content of gas shows direct variation with temperature of gasification, while H2 
content reduces with increasing temperature for a particular air ratio and level of carbon conversion.(2) 
Obviously, the number of moles of both H2 and CO reduce with extent of carbon conversion. (3) Amount 
of CO2 in the producer gas shows relative insensitivity towards air ratio for high carbon conversion. 
However, for low carbon conversion (60%), the CO2 content of producer gas shows significant reduction 
with air ratio. (4) Amount of H2O in the producer gas shows increase with both air ratio and temperature 
of gasification. (5) Methane content of the gas is quite small, and for high air ratio of 0.4, methane 
content practically reduces to zero, (6) No formation of any other hydrocarbon such as ethane, ethylene 
or even higher hydrocarbon is seen under equilibrium conditions (i.e. 100% carbon conversion). 
However, for the semi–equilibrium conditions, the unconverted carbon can appear in the form of char, tar 
and other hydrocarbons, (7) Comparing among the two biomass, slightly lesser CO and H2 is seen in the 
producer gas resulting from gasification of wood particles than rice husk under similar operating 
conditions. Amount of CO2 in the producer gas, however, is higher for wood particles than rice husk. 
 
2- Trends in LHV and gas yield 
(1) For a given air ratio and gasification temperature, the gas yield obviously reduces with carbon 
conversion, (2) Gas yield reduces with increasing air ratio at a given gasification temperature and level of 
carbon conversion, (3) Temperature, however, is not a significant parameter affecting gas yield. At any 
air ratio and level of carbon conversion, the net gas yield at both 700 and 800oC is essentially the same. 
(4) Comparing among rice husk and wood particles, we find higher gas yield for wood particles, and this 
is obviously attributed to higher ash content of rice husk. Trends in LHV are as follows: (1) For a given 
gasification temperature and air ratio, the LHV of the producer gas obviously falls with carbon 
conversion, (2) LHV also shows inverse trend with air ratio for a particular gasification temperature and 
carbon conversion, (3) Like the net gas yield, temperature does not seem to influence the LHV 
significantly for same gasification temperature and air ratio, (4) Higher LHV of producer gas is seen for 
wood particles than rice husk under similar gasifying conditions. This is attributed to higher carbon 
content of wood particles that results in higher CO content of the producer gas. 
 
6.3 Comparative analysis of three models 
The trends in the net yield and characteristics of the producer gas resulting from gasification of wood 
particles and rice husk predicted by the three models are in concurrence. Nonetheless, the results of 
simulations (molar composition of gas, net gas yield and LHV of producer gas) from the three models 
show significant quantitative difference. The quantitative comparison of the results of three models 
clearly indicates that the gasification mixture is far from equilibrium (even with as height of riser as 10 
m), and the overall carbon conversion in single pass is very small (~ 30–40%). Major differences are: (1) 
extent carbon monoxide and hydrogen content of the producer gas as predicted by kinetic model is much 
smaller than that calculated using equilibrium and semi–equilibrium models. Equilibrium and semi–
equilibrium models do not predict formation of any other hydrocarbon than CH4, while kinetic model 
gives smaller quantities of ethane and ethylene. Significant fraction of carbon in the biomass remains 
unconverted in the form char. The tar produced in the pyrolysis zone also remains unconverted (or un-
oxidized). Thus, both LHV and net gas yield predicted by kinetic model are lesser than equilibrium and 
semi–equilibrium model, even with least carbon conversion of 60%. 
The results of equilibrium and semi–equilibrium model indicate that air ratio is more critical factor 
influencing biomass conversion to producer gas than temperature. This conclusion is endorsed by kinetic 
model as well. However, results of kinetic model show that at low air ratios, temperature could have 
significant influence on net gas yield as well as LHV of the gas. This is evident from results depicted in 
Figures 13 and 14, where we see sharp rise in gas yield and LHV with temperature rising from 700oC to 
800oC. Increasing air ratio at a particular temperature helps enhancement of char gasification; however, it 
also enhances conversion of H2 and CO to H2O and CO2, respectively, reducing the quality of the 
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producer gas. Increasing temperature of gasification has adverse effect on char gasification as revealed 
by Figure 8. This is attributed to factor consumption of O2 in other parallel reactions in the gasification. 
Nonetheless, higher temperature prevents conversion of CO and CO2 and increases the LHV of gas. 
The kinetic model also reveals the role of volume of the gasifier (i.e. the height of the riser section of the 
CFB gasifier) in the gasification process. Relative insensitivity of the gas yield and LHV to the volume 
of gasifier indicates need for optimization of this parameter. Merely raising the height of the riser section 
does not help increasing the quality of the gas. This is clearly attributed to slow kinetics of char 
gasification and tar oxidation. On the other hand, maintenance of proper air ratio and temperature is 
critical to achieving efficient conversion of biomass to producer gas. The results of the simulation give 
important clues for enhancing performance of the gasifier. Efficient capture and recycle of the char is 
crucial to increasing overall carbon conversion in the process. Enhancing oxidation of tar by using a 
suitable catalyst (sintered–olivine or calcined dolomite) can also augment the gas yield and LHV of the 
gas. The most critical factor, however, seems to be the pyrolysis of biomass occurring at the bottom of 
the riser itself. Since the kinetics of char gasification and tar oxidation is rather slow, in that similar 
extent of char and tar oxidation is achieved at 700 and 800oC, it is imperative to reduce the char and tar 
formation itself, at the pyrolysis zone. This would mean maintaining significantly higher temperature (~ 
1000oC or so) in the pyrolysis zone near the distributor of the riser (i.e. the hot sand bed where biomass 
entering the gasifier mixes with sand). The temperature in riser section above the pyrolysis zone till gas 
exit does not make a significant difference, whether 700 or 800oC. An optimization of the pyrolysis in 
terms of temperature, biomass particle size and use of suitable catalyst, so as to reduce the formation of 
char and tar, with concurrent enhancement in view of gaseous species, will help increase conversion of 
biomass to desired species of CO, H2 and CH4. 
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Figure 3. Results of simulations with kinetic model for rice husk for different gasifying conditions 
(a) Temperature = 973 K, Volume = 0.0486 m3; (b) Temperature = 973 K, Volume = 0.08105 m3 
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Figure 4. Results of simulations with kinetic model for rice husk for different gasifying conditions 

(a) Temperature = 1073 K, Volume = 0.0486 m3; (b) Temperature = 1073 K, Volume = 0.08105 m3 
 
 

0.0E+00

2.0E-04

4.0E-04

6.0E-04

8.0E-04

1.0E-03

M
ol

ar
 F

lo
w

 R
at

e 
(k

m
ol

/s
)

AR=0.2 2.929E-06 9.115E-05 2.801E-04 3.085E-04 1.314E-08 0.000E+00 4.044E-06 4.865E-06 9.374E-04

AR=0.3 9.283E-06 5.687E-05 2.607E-04 2.123E-04 3.749E-09 0.000E+00 2.351E-06 3.170E-06 6.284E-04

AR=0.4 1.487E-05 4.399E-05 2.466E-04 1.640E-04 1.100E-09 0.000E+00 1.544E-06 2.323E-06 4.740E-04

O2 CO CO2 H2O H2 CH4 C2H6 C2H4 Tar

 
(a) 

 
Figure 5. (Continued) 
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Figure 5. Results of simulations with kinetic model for wood particles for different gasifying conditions 

(a) Temperature = 973 K, Volume = 0.0486 m3; (b) Temperature = 973 K, Volume = 0.08105 m3 
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Figure 6. Results of simulations with kinetic model for wood particles for different gasifying conditions 

(a) Temperature = 1073 K, Volume = 0.0486 m3; (b) Temperature = 1073 K, Volume = 0.08105 m3 
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Figure 7. Trends in char formation (as wt % of initial moisture free biomass0 in the pyrolysis zone at the 

entry of the gasifier (a) Biomass: Rice husk; (b) Biomass: Wood particles 
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Figure 8. Results of char gasification (wt % of initial char gasified) in the riser section above pyrolysis 

(a) Biomass: Rice husk, (b) Biomass: Wood particles 
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Figure 9. Results of simulations of biomass gasification with equilibrium and semi-equilibrium models 
for rice husk under different gasifying conditions (a) Temperature =973 K, Carbon conversion =100%; 

(b) Temperature =973 K, Carbon conversion = 80%; (c) Temperature = 973 K, Carbon conversion =60% 
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Figure 10. Results of simulations of biomass gasification with equilibrium and semi-equilibrium models 
for rice husk under different gasifying conditions (a) Temperature = 1073 K, Carbon conversion = 100%; 
(b) Temperature = 1073 K, Carbon conversion = 80%; (c) Temperature = 1073 K, Carbon conversion = 

60% 
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Figure 11. Results of simulations of biomass gasification with equilibrium and semi-equilibrium models 
for wood particles under different gasifying conditions (a) Temperature = 973 K, Carbon conversion = 

100%; (b) Temperature = 973 K, Carbon conversion = 80%; (c) Temperature = 973 K, Carbon 
conversion = 60% 
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Figure 12. Results of simulations of biomass gasification with equilibrium and semi-equilibrium models 
for wood particles under different gasifying conditions. (A) Temperature = 1073 K, Carbon conversion = 

100%. (B) Temperature = 1073 K, Carbon conversion = 80%. (C) Temperature = 1073 K, Carbon 
conversion = 60% 
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Figure 13. Results of simulations of biomass gasification with kinetic models: (a) Net gas yield; (b) LHV 
of the producer gas for different gasification conditions (temperature and carbon conversion) with wood 

particles as biomass under different gasifying conditions 
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Figure 14. Results of simulations of biomass gasification with kinetic models: (a) Net gas yield; (b) LHV 

of the producer gas for different gasification conditions (temperature and carbon conversion) with rice 
husk as biomass under different gasifying conditions 
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Figure 15. Results of simulations of biomass gasification with equilibrium and semi-equilibrium models: 

(a) Net gas yield; (b) LHV of the producer gas for different gasification conditions (temperature and 
carbon conversion) with wood particles as biomass under different gasifying conditions 
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Figure 16. Results of simulations of biomass gasification with equilibrium and semi-equilibrium models: 

(a) Net gas yield; (b) LHV of the producer gas for different gasification conditions (temperature and 
carbon conversion) with rice husk as biomass under different gasifying conditions 

 
7. Conclusion 
In this paper, we have attempted to present a comparison of equilibrium, semi–equilibrium and kinetic 
models for biomass gasification. A circulating fluidized bed biomass gasifier has been taken as basis for 
comparison. Two common biomass, viz. rice husk and wood particles have been used as model biomass. 
The input for equilibrium and semi–equilibrium model is in terms of an elemental vector, while a stream 
of 9 species resulting from pyrolysis of biomass forms the input for kinetic models. In semi–equilibrium 
model, the extent of carbon conversion has been considered as manipulation parameter. Although the 
trends in molar composition, net yield and LHV of producer gas predicted by the three models under 
similar conditions of gasification match, there is significant quantitative difference. Carbon conversion 
achieved in single pass of biomass through the riser of the CFB gasifier is found to be less than the least 
carbon conversion considered in semi–equilibrium model. Analysis of the kinetic model reveals that 
formation of significant quantities of char and tar in the biomass pyrolysis, and slow kinetics of 
gasification /oxidation of these species lead to low per pass carbon conversion, which in turn renders 
total gas yield and LHV of the gas significantly low. Comparative analysis of the three models has given 
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an insight into the relative influence of two major operational parameters, viz. temperature and air ratio, 
on the gasification process. The equilibrium and semi–equilibrium models predict that characteristics of 
producer gas are relatively insensitive to temperature, while the kinetic model reveals greater sensitivity 
of producer gas characteristics towards temperature at low air ratios. Another important outcome of the 
kinetic model analysis is the revelation of effect of gasifier volume. The producer gas composition, yield 
and LHV have been found to be insensitive to this parameter, i.e. a riser of 6 m height essentially yields 
producer gas with same characteristics as that from riser of 10 m height. This result gives a strong 
indication towards optimization of this parameter. Moreover, this result emphasizes on alternative means 
of enhancing overall carbon conversion through char recycle and catalytic tar oxidation. However, we 
must also mention that scheme of 13 reactions used in the kinetic model may not include all reactions 
that could occur in gasification process. Due to this limitation, the actual outcome of the gasification 
process could differ from predictions of the kinetic model. Secondly, the kinetic model developed in this 
work is rather system specific in that it has been developed on the basis of a CFB gasifier of specific 
dimension. If this model is to be applied to other gasifier types or even to a CFB gasifier of different 
dimensions. We need to make significant changes in it. This is the major limitation of the kinetic model 
that restricts its versatility. 
On a whole, comparative analysis of the equilibrium and kinetic models has highlighted the potential of 
the equilibrium, semi–equilibrium and models to represent gasification process. Our analysis asserts that 
equilibrium and semi–equilibrium models could be a useful tool for qualitative assessment / prediction of 
gasifier performance under different combinations of operating parameters. However, kinetic models 
provide physically more realistic insight into the various facets of the gasification process and reveal 
relative influence of various operating and design parameters on the gasification. We believe that results 
and analysis presented in this paper could be useful for further research in modeling of gasification, and 
will also give useful guidelines for design engineers for optimization of biomass gasifiers. 
 
Nomenclature 
A cross–sectional area of riser section of the gasifier 
ai  activity coefficient of a species  
aij  number of atoms of the jth element in a molecule of ith substance 
bj  total number of moles of the jth element conveying for biomass particles and turbulent 

fluidization for sand particles) 
Cp  heat capacity at constant pressure  
dp  biomass particle size 
dp

*  non–dimensional particle size ( for determination of fluidization regime ) 
F  molar flow rate of species (formed out of pyrolysis) 
G  total Gibbs energy of mixture of species  
gi  chemical potential of a species  
H  enthalpy 
HP  heat for preheating of the mixture of species  
HR heat of reaction 
HT total heat given to system 
l  total number of element 
m  total moles of substances in gas phase 
P  total pressure of the system 
pi  partial pressure of a species pyrolysis 
R  gas constant  
Rep,mf  particle Reynolds number at minimum fluidizing conditions 
ri   rate of a reaction (subscripts i = 1,…13 indicates reaction number) 
s  total moles of substances in condensed or liquid phase 
T  temperature of gasification/pyrolysis  
t time 
td  devolatilization time 
u  actual range of velocity for a particular fluidization region  
u  velocity of biomass gasification mixture through the riser 
u*  non–dimensional velocity range for a particular fluidization regime (pneumatic  
umf  minimum fluidization velocity  
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ut  actual terminal settling velocity 
ut

*  non–dimensional terminal settling velocity  
V  volume of gasifier 
W  weight (or mass) of char particles formed during biomass pyrolysis 
x  distance coordinate along axis of the riser 
X  total no of moles in the gas phase  
xi  mole fraction of a species i in the gasification mixture  
y  weight fraction (on the basis of moisture free biomass ) of the species formed from  
 
Greek letters 
φs  shape factor 
ρ  density 
 
Subscripts and Superscripts 
o  standard conditions 
g  gas phase  
c  condensed (or liquid ) phase 
*  initial mixture  
298  at temperature of 298 K 
f  formation 
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