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ABSTRACT 

This paper presented a simplified model of gasification process considering chemical 

equilibrium. To achieve this aim, minimization of the Gibbs free energy of the produced gas 

was developed regarding system mass and energy balance equations. An advanced coding in 

Engineering Equation Solver (EES) was used to develop a simulation model. Furthermore, the 

syngas composition of the rice husk and bagasse, which are produced in wide rage in Iran, 

and the effects of some variables such as moisture content, steam to biomass ratio and gasifier 

temperature on the performance of system were investigated. As the next step, co-gasification 

of biomass and coal was compared with rice husk or bagasse gasification. The results 

indicated adding coal to biomass increases LHV of syngas from 4694kJ/Nm
3
 to 5321 kJ/Nm

3
, 

and gasifier efficiency from 71.29% to 77.85%.  

Keywords: Agricultural waste, Bagasse, Biomass, Co-gasification, Rice husk.  

 

1. INTRODUCTION 

Energy and environment are currently the world’s most concerns. Nowadays, it is known that 

the world energy consumption has been dominating by various types of fossil fuels. The high 

utilization of these fuels strongly accelerates the depletion of world energy resources as well 
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as causing environmental damage in terms of global warming. Recently, there have been 

several attempts to tackle environmental issues. It is widely known that the development of 

clean alternative (and/or renewable) fuels to replace fossil fuels is one of the most important 

procedures.  

Gasification is heating-up of solid or liquid carbonaceous material (fossil or non-fossil fuels), 

with some gasifying agent to produce gaseous fuel. It includes partial oxidation of fuel or 

fuel-rich combustion, and hydrogenation. In partial oxidation process the oxidant (also called 

the gasifying agent) could be steam, carbon dioxide, air or oxygen, or some mixture of two or 

more gasifying agents. The gasifying agent is chosen according to the desired chemical 

composition of the syngas and efficiency [1]. A typical gasification process generally follows 

the sequence of steps is showed in figure 1. 

 

Figure1: Potential paths for gasification 

Presently, gasification of fossil fuels is more common than that of non-fossil fuels like 

biomass for production of synthetic gases. It essentially converts a potential fuel from one 

form to another. There are some major motivations for such a transformation [2]. It causes to 

increase the heating value of the fuel by rejecting noncombustible components like nitrogen 

and water. It removes sulfur and nitrogen such that when burnt gasified fuel does not release 

them into the atmosphere and reduces the carbon-to-hydrogen (C/H) mass ratio in the fuel. As 

an alternative to simple biomass gasification, the combined usage of biomass and coal has 

several advantages. With reference to coal based processes, the addition of the biomass not 

only reduces the CO2 emissions but also mitigates the critical issues of high coal sulphur 

content and adverse properties of ash. Moreover, adding the coal to the biomass is appealing 

in order to overcome the limitation of the low energy density of biomass and to substitute part 
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of the biomass feedstock when it is temporarily in short supply, for instance in the case of 

seasonally produced agricultural residues [3]. 

An interesting difference between coal and biomass lies in the composition of their organic 

matter; woody biomass contains typically around 50wt% carbon and 45wt% oxygen, whereas 

coal contains (depending on coal rank) 60–85wt% carbon and 5–20wt% oxygen [4]. One 

might argue that the high oxygen content of biomass is beneficial because less oxygen needs 

to be added for gasification; on the other hand, biomass has a relatively low caloric value, 

which would not be beneficial for gasification. 

Industrial scale experience with coal and biomass or waste co-gasification is reported for 

several plants, e.g. the Buggenum plant [5] in the Netherlands, where efforts of co-gasification 

of up to 50% w/w of biomass were undertaken to generate a high proportion of green energy. 

The co-gasification of many biomass/coal combinations was investigated by Pan et al [6]. 

And confirmed the feasibility of co-gasification process for pine woodchips blends with poor 

quality coals. When black coal was considered, a minimum of 25% of pine woodchips was 

needed to significantly enrich the overall efficiency; the product gas LHV and the carbon 

conversion also increased. 

Madsen and Christensen [7] reported on a series of air-blown fluidized bed and entrained bed 

co-gasification tests with coal and straw. Pressures in the larger unit (based on U-Gas design) 

were up to 14.2 bar and feed rates of the feedstock were a maximum of 720 kg/h. Feeding 

presented problems, but some synergies were noted. Sjostrom et al. [8] also reported 

synergies in fluidized bed co-gasification of wood and coal mixtures at small particle sizes 

with maximum feed rates of 5.2 kg/h and maximum pressures of 15 bar.  

2.  METHODOLOGY AND SIMULATION 

In this study, the simulation of a steam-air gasifier was developed by means of Equation 

Engineering Solver (EES) software. Thermodynamic equilibrium calculation is independent 

of gasifier design and so is convenient for studying the influence of fuel and process 

parameters. Chemical equilibrium is determined by either of the equilibrium constant and 

minimization of the Gibbs free energy. In equilibrium modeling, it is assumed that biomass is 

dry and ash free, and contains of C, H and O; the element of nitrogen and sulfur were not 

considered because biomass contains negligible amount of them in comparison with carbon, 
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hydrogen and oxygen, while these are significant elements in coal. In this research, nitrogen 

and sulfur content of coal is also neglected for simplicity of the global reaction. Therefore, the 

chemical formula of the biomass and coal is represented as CHxOy; where, x and y are the 

numbers of atoms of hydrogen and oxygen per single atom of carbon in the biomass and coal. 

It calls for ultimate and proximate analysis of the fuel to have obtained.  

In general, the global reaction of gasification process with steam and air as gasifying agent 

can be written as Eq. 1. 

2244222222222x )76.3(CH NnCHnOHnHnCOnCOnNOOHO NCHOHHCOCOy    (1) 

Where,  and β are moles of air and steam supplied per moles of mixed fuel respectively. 

Numbers of moles which are produced in the reaction are indicated by ni. The main reactions 

which occur in the gasifier are indicated in Eqs. 2 to 6. 

Boudouard [kJ/mol]1722COC 2  CO  (2) 

Water gas ]131[kJ/molHCOOHC 22   (3) 

Water-gas shift [kJ/mol]41.2HCOOHCO 222   (4) 

Steam reforming [kJ/mol]2063CHH 242  HCOO  (5) 

Methanation [kJ/mol]8.742HC 42  CH  (6) 

The above mentioned reactions show that gasification is an endothermic process; therefore, 

some parts of feedstock are burnt to supply the required heat. On the right hand side nH2, nCO, 

nCO2, nH2O, nN2 and nCH4 are the unknown number of moles of hydrogen, carbon monoxide, 

carbon dioxide, steam, nitrogen and methane respectively, which are presented in the 

produced syngas. Then, four mass balance equations which are presented to obtain these 

unknowns as Eqs. 7 to 10. 

C: 42COn1 CHCO nn   (7) 

H: 42H2 422n2x CHOH nn    (8) 

O: OHCO nn 22CO 2n2y    (9) 

N: N22n3.762    (10) 
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In the above equations, there are 5 unknown parameters because only gaseous products are 

considered. Therefore, by calculating the equilibrium constants of reactions 4 and 6 the 

unknown numbers were determined as follow: 
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The equilibrium constant and the Gibbs free energy of reactions were calculated according to 

Eq. 13 and Eq.14: 
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Where, R is the universal gas constant (8.314 kJ.kmol
-1

.K
-1

), 0
TG  is the standard Gibbs 

function of reaction, and ∆g
0

f,T,i represents the standard Gibbs function of formation at given 

temperature T of the gas species i which can be expressed by the empirical 15 [9]: 

Tgf
T

e
T

d
T

c
TbTTahg fTf










 )
2

()
3

()
2

(ln 432
00

,  
(15) 

The values of coefficients a – g   and enthalpy of formation of the gases are presented in table 

1 [9]. 

Table 1: the value of 
0
fh  kJ.kmol

-1
 and coefficients of the empirical equation for 

0

,Tfg  kJ.kmol
-1 

 CO CO2 H2O CH4 
0

fh  -110.5 -393.5 -241.8 -74.8 

a  5.619  10
-3 

-1.942  10
-2 

-8.950  10
-3 

-4.62  10
-2 

b  -1.190  10
-5 

3.122  10
-5 

-3.672  10
-6 

1.13  10
-5 

c  6.383  10
-9 

-2.448  10
-8 

5.209  10
-9 

1.319  10
-8 

d   -1.846  10
-12 

6.946  10
-12 

-1.478  10
-12 

-6.647  10
-12 

e  -4.891  10
2
 -4.891  10

2
 0 -4.891  10

2 

f   8.684  10
-1 

5.270 2.868 14.11 

g   -6.131  10
-2 

-1.207  10
-1 

-1.722  10
-2 

-2.234  10
-1 

The temperature of the gasification zone needs to be calculated in order to calculate 

equilibrium constants Eqs. 13 to 15. For this aim, either energy or enthalpy balance was 

carried out for the gasification process, which was usually assumed to be an adiabatic process 

[10]. When the temperature in gasification zone is T and the temperature at inlet state is 
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assumed to be 298 ˚K, the overall energy balance for the gasification of 1 kg of biomass can 

be expressed as follow: 

outin EE 
 

(16) 
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(18) 

In Eq. 17, H
0

biomass is the lower heating value of solid fuel which estimated from high heating 

value formula: 

HhHHVLHV vap9  (19) 

The higher heating value is converted into the LHV using the enthalpy of evaporation for the 

water formed during combustion, therefore H is mass fraction of hydrogen in solid fuel, and 

hvap is enthalpy of vaporization of water. The formula for higher heating value in J/kg [11]: 

For fuel with the cases of coal: 

HHV=2.32610
5
(144.5C+610H -62.5O +40.5S)(1-Ash) 

For Wood or other biomass: 

HHV=4.18410
5
(81.848C+263.38H-28.645(O+N)-3.658Ash +0.16371)  

Where, C, H, N, O and Ash are mass fraction elements in solid fuel. 

In Eq.18, hf is the enthalpy of formation in kJ/kmol and its value is zero for all chemical 

elements at reference state (298K, 1 atm.), and ∆H represents the enthalpy difference between 

any given state and at reference state. It can be approximated by: 

dTTCh

T

pT ).(

298

  (19) 

Where, Cp is specific heat at constant pressure in kJ/(kg.K) and is a function of temperature. 

It can be defined by the empirical equation below: 

3

3

2

210  CCCCCP   (20) 

where, T is the temperature in K and: 
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1000

T
  (21) 

Where C0, C1, C2, and C3 are the specific gas species coefficients, which are shown in Table 

2.[12] In this study the efficiency is defined as follow: 

fuelfuel

gsyngas

mLHV

QLHV




  (22) 

Where, LHVsyngas is the lower heating value of syngas, Qg is the volume flow rate of syngas, 

LHVfuel is the low heating value of the fuel which is gasified and mfuel is the solid fuel 

consumption. 

Table 2: The coefficients of specific heat for the empirical equation 

C3 C2 C1 C0 gas 

-0.454 1 -0.46 1.1 CO 

0.39 -1.27 1.67 0.45 CO2 

-0.71 0.75 3.25 1.2 CH4 

-0.42 0.96 -0.48 1.11 N2 

-0.33 0.54 -0.0001 0.88 O2 

3.79 -6.85 4.6 13.46 H2 

 

By adjusting the input data, the syngas composition, flue gas composition, LHV and 

efficiency of the process will be determined. The gas composition of mixed fuel consists of 

50% biomass and 50% coal was compared with syngas composition of rice husk and bagasse. 

The moisture content of fuel was 12% and gasifier operated in atmospheric condition. The 

temperature of air after preheating was 550 ˚C, and the steam enters the gasifier was 400 ˚C. 

The ultimate analysis of rice husk, coal and bagasse in Iran, which was considered in this 

research, is illustrated in figures 2 to 4. 

 

Figure 2: Ultimate analysis of rice husk base on dry basis 
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Figure 3: Ultimate analysis of coal base on dry basis 

 

 

Figure 4: Ultimate analysis of bagasse base on dry basis 

 

3. RESULTS AND DISCUSSIONS 

3.1. EFFECT OF STEAM RATIO 

The influence of steam ratio on gasifier performance is illustrated in figures 5 and 6. The 

steam ratio was varied from 0 to 400 kg/h. As a result, the H2 content of syngas for bagasse 

would increase from 21.48% to 23.36%. The amount of CO, CO2 and N2 changes from 

17.35% to 11.95%, 14.15% to 17.82% and 46.02% to 45.88% respectively. 

For the rice husk, the H2 content of syngas would increase from 20.73% to 22.23%. The 

amount of CO, CO2 and N2 changes from 15.94% to 10.63%, 16.89% to 20.32% and 45.45% 

to 45.82% respectively. 
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Figure 5: Effect of steam ratio on gasifier performance for bagasse 

 

 

Figure 6: Effect of steam ratio on gasifier performance for rice husk 

 

The effect of steam ratio on the LHV of syngas and gasifier performance efficiency illustrated 

in figures 7 and 8 respectively. It decreases from 4607 kJ/Nm
3
 to 4099 kJ/Nm

3 
for rice husk 

and from 4867 kJ/Nm
3
 to 4387 kJ/Nm

3
 for bagasse. 



The 1
th

 International and The 4
th 

National Congress on 
Recycling of Organic Waste in Agriculture 

 26 – 27 April 2012 in Isfahan, Iran 
 

 

 

 

Figure 7: Effect of steam ratio on gasifier efficiency 

 

 

Figure 8: Effect of steam ratio on LHV of syngas 

 

Figures 9, 10, 11 and 12 compared these result of above with mixing fuel which consist of 

coal and biomass. The ratio of coal to biomass is equal 50-50. In figures 10 and 11, the effect 

of added coal to biomass has been illustrated on the efficiency and LHV of syngas. The 

efficiency of mixing coal and bagasse decreases from 77.7% to 75.01, and for mixing rice 

husk the efficiency decreases from 76.7% to 73.8%. 
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Figure 9: Effect of steam ratio on gasifier performance for mixing bagasse and coal 

 

 

Figure 10: Effect of steam ratio on gasifier performance for mixing rice husk and coal 
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Figure 11: Effect of steam ratio on gasifier efficiency for mixing biomass and coal 

 

 

Figure 12: Effect of steam ratio on LHV of syngas for mixing biomass and coal 

 

3.2. Effect of moisture content 

As for the case of Iran, there is the main composition of rice and coal in Mazandaran state, it 

has rainy climate in many days of year. Thus its fuel mainly consists of moisture. Therefore, 

the effect of moisture content on the composition of produced gas from biomass and coal 

gasification is an interesting aspect. 
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In order to produce syngas from biomass, the moisture content should be less than 20%; 

otherwise, the biomass should be dried before entering the gasifier. The effect of moisture 

content on the gas composition of rice and bagasse are revealed in figures 13 and 14 

respectively. If the fuel moisture content varies from 20% to 60 %, the percentage of H2, CO, 

CO2 and H2O in the syngas of rice husk will be changed from 21.86% to 11.11%, 19.24% to 

3.937%, 15.15% to 22.15 and 16.5% to 41.78% respectively. These changes for bagasse as 

feedstock are 22.3% to 13.88 for H2, 20.48% to 5.304% for CO and 13.39% to 37.77% for 

H2O.  

 

Figure 13: Effect of moisture content on gasifier performance for rice husk 
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Figure 14: Effect of moisture content on syngas composition from bagasse 

 

Also in figures 15 and 16, the effect of moisture content on efficiency and LHV of syngas 

illustrated. As can obviously be seen, efficiency decreases from 74.65% to 38.93% for rice 

husk and from 76.88% to 46.33% for bagasse. The LHV of syngas for rice husk and bagasse 

is changed from 5146 kJ/Nm
3
 to 2054 kJ/Nm

3
 and 5350 kJ/Nm

3
 to 2525 kJ/Nm

3
 respectively. 

 

Figure 15: Effect of moisture content on gasifier efficiency 

 

 

Figure 16: Effect of moisture content on LHV of syngas 
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In the figures 17 to 20, the effect of increasing moisture content on mixing coal and biomass 

composition, efficiency and LHV of syngas are presented. 

 

Figure 17: Effect of moisture content on gasifier performance for mixing coal and rice husk 

 

 

Figure 18: Effect of moisture content on gasifier performance from mixing coal and bagasse 
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Figure 19: Effect of moisture content on gasifier efficiency 

 

 

Figure 20: Effect of moisture content on LHV of syngas 

 

3.3. Effect of gasifier temperature 

The influence of gasifier temperature on syngas composition, gasifier efficiency and LHV of 

syngas is illustrated in figures 21 to 24. The temperature was varied from 600 to 1200 
0
C. As 

a result, the gasifier efficiency for rice husk and bagasse would decrease from 77.64% to 

45.53% and 80.02% to 58.63% respectively. Also the LHV of syngas would decrease from 

5133 kJ/Nm
3
 to 3307 kJ/Nm

3
 for rice husk and from 5171 kJ/Nm

3
 to 3627 kJ/Nm

3
 for 

bagasse. The amount of H2, CO, CO2 and N2 changes from 30.78% to 11.11%, 11.51% to 
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13.86%, 21.43% to 16.28% and 35.27% to 57.75% for rice husk respectively. For the bagasse 

component changes from 30.85% to 12.31%, 13.34% to 15.37%, 18.3% to 13.72% and 

36.51% to 57.6% respectively. 

 

Figure 21: Effect of gasifier temperature on syngas composition from rice husk 

 

 

Figure 22: Effect of gasifier temperature on syngas composition from bagasse 
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Figure 23: Effect of gasifier temperature on gasifier efficiency 

 

 

Figure 24: Effect of gasifier temperature on LHV of syngas 

 

The effect of gasifier temperature on syngas production, gasifier efficiency and LHV of 

syngas which produced from mixture of coal with bagasse and coal with rice were depicted in 

figures 25 to 28. 
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Figure 25: Effect of gasifier temperature on syngas composition of mixing coal and rice husk 

 

 

Figure 26: Effect of gasifier temperature on syngas composition of mixing coal and bagasse 
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Figure 27: Effect of gasifier temperature on gasifier efficiency 

 

 

Figure 28: Effect of gasifier temperature on LHV of syngas 

 

4. CONCLUSION 

The use of agricultural waste to produce electricity has several advantages. First, biomass is a 

renewable energy with near zero net CO2 emissions. Second, it is a local resource that reduces 

energetic dependence and creates green jobs. Moreover, biomass power plants can be easily 

integrated with the public grid because their load does not depend on conditions (unlike wind 

farms or solar stations).  As biomass is a dispersed resource, local small scale power plants 
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(less than 25 MWe) are best option to use agricultural waste considering transportation 

expenses.  

In this article, two types of agricultural waste were considered as the feedstock to run a co-

gasification system. It was observed that, by increasing steam ratio, the LHV of syngas 

decreases from 4607 kJ/Nm
3
 to 4099 kJ/Nm

3 
for rice husk and from 4867 kJ/Nm

3
 to 4387 

kJ/Nm
3
 for bagasse; by increasing the moisture content to fuel, the LHV of syngas decreases 

from 5146 kJ/Nm
3
 to 2054 kJ/Nm

3
 for rice husk and from 5350 kJ/Nm

3
 to 2525 kJ/Nm

3
 

bagasse; by increasing gasifier temperature the LHV of syngas would decreases from 5133 

kJ/Nm
3
 to 3307 kJ/Nm

3
 for rice husk and from 5171 kJ/Nm

3
 to 3627 kJ/Nm

3
 for bagasse. 

Although by mixing agricultural waste with coal, the amount of carbon dioxide production 

would decrease, it should be noticed that the CO2 which is produced from agricultural waste 

gasification is natural because the biomass absorbs CO2 from nature and gives it back after 

gasifying; however mixing agricultural waste with coal leads to enrich syngas quality and 

gasifier efficiency. 
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