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Abstract— Biomass is considered as one of the most promising and viable alternatives as sources of energy. Gasification 

is a technology of energy conversion with great future. Waste gasification is a process attractive to produce gas rich in H2. 

In terms of existing technologies of gasification, fluidized bed is an interesting alternative. Thermodynamic analysis of 

gasification with air and mixed air-steam was performed over peach pit, grape marc and grape stalks to determine the 

optimum values of moisture content, equivalence ratio (ER), operating temperature and steam to biomass ratio (SBR) that 

can maximize the yield of H2, CO. The optimal gasification temperature for this type of biomass is between 650 and 750°C. 

The H2 content in the syngas, show a maximum value for a moisture content of 30%, approximately. The H2 content in the 

syngas decreases with the increase of ER. The combined air-steam gasification provided significant higher hydrogen 

production than the air gasification, being 2.5 the optimal value for SBR (operating temperature 800°C, ER 0.1, moisture 

content 10%, steam temperature 400°C). 

 
Index Terms—agricultural wastes, biomass, equilibrium modelling, gasification.  

I. INTRODUCTION 

With the depletion of fossil fuels, as well as, their increasing price and undesirable environmental effects, the 

utilization of residual biomass is getting increased attention as a potential resource of renewable energy. Biomass 

resources are classified into four categories according to their origin: Wood residues (forestry biomass) and Wood 

industry by-products, agricultural residues either generated by farming activities or agro-industries by-products 

(residues), energy crops and municipal solid wastes [1].  

 

Argentina has substantial biomass resources in the form of agricultural wastes. Their reuse and/or disposal are a 

current problem, because their disposal in landfills is not environmentally convenient due to they are not fully 

reused and large volumes are generated, requiring significant areas of land for their disposal. The agro industrial 

sector produces a significant environmental impact in specific geographical areas, such as the Cuyo Region. 

During the 2012 harvest, 690000 tons were used to produce wine, generating nearly 200000 tons of stalks without 

considering other solid wastes, such as marcs and wine dregs. The waste from the fruits and vegetables canning 

industry has high water content and, in many cases, significant amounts of lignocelluloses materials. The final 

disposal in landfills is also performed. 

 

Processes based on the thermo chemical conversion of biomass are nowadays raising importance, since they show 

higher energy efficiency than the direct combustion. The biomass gasification appears as one of the most 

promising. It consists in the conversion, in a low O2 content atmosphere, of the original biomass feedstock into a 

combustible gas mixture, the synthesis gas, which can be used as fuels for electricity and power generation or as 

chemical feedstock’s for manufacturing methanol, dimethyl ether, Fischer–Tropsch oils, etc. [2]-[4]. Steam 

gasification (all thermal gasification) process has been attracting a lot of attention during the past decade because it 

can produce hydrogen-rich, high heating value fuel gas [5]. However, the design and operation of a gasifier require 

an understanding of the gasification process and how its design, feedstock, and operating parameters influence the 

overall performance [6]. The gasification process includes a set of complex chemical reactions which require the 

use of mathematical models for their analysis. There are several approaches to model the gasification processes, 

namely, thermodynamic and kinetic [7]. Thermodynamic equilibrium models are very useful tools to study the 

influence of most parameters for any biomass system because of their gasifier design independence. In general, the 

thermodynamic equilibrium models consider two approaches both giving the same results: the stoichiometric 

approach, which requires a clearly defined reaction mechanism that incorporates all chemical reactions and species 

involved, and the non-stoichiometric approach which is based on the system minimization of the Gibbs free energy. 

In the last approach, the only input needed to specify the feed is its elemental composition, which can be readily 
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obtained from ultimate analysis data. A lot of works based on equilibrium modeling have been reported in the 

literature.  

 

Some exergetic evaluations of biomass gasification have been reported [8]-[10]. Also one report is related to 

energy and exergy analyses of the oxidation and gasification of carbon [11], [12]. 

 
Various types of gasifiers have been explored for biomass. Fluidized beds now find wide application in biomass 

gasification [13]. The circulating fluidized bed (CFB) is a natural extension of the bubbling bed concept. The riser 

of a CFB gasifier operates in either the turbulent or fast fluidization flow regime. CFB gasification is now 

undergoing rapid commercialization for biomass. 

 

With the aim of increase the efficiency of biomass gasification, a complete knowledge of this process is necessary. 

Therefore, the objective of the present work is to study the steam gasification of biomass with special emphasis on 

the thermodynamic analysis in order to improve the syngas composition. An equilibrium model has been 

developed to predict the gas composition based on the Gibbs free energy minimization. The syngas composition 

was predicted for different operation condition. The influences of gasification temperature, biomass moisture, fuel 

and gasification agent compositions were studied. The simulation was carried out using stalks, marcs and peach 

pits compositions.  

II. GASIFICATION EQUILIBRIUM MODEL 

In this work, the nonstoichiometric equilibrium model was applied in order to obtain the composition of syngas, 

providing valuable information about the optimal parameters of the gasification process, with the aim of obtain a 

gaseous fuel with higher calorific power. This model is based on minimizing Gibbs free energy in the system 

without specification of the possible reactions taking place. It is important to note that the equilibrium approach is 

also independent from the gasifier design. So, it is an excellent departure point to study all the gasification potential 

from biomass agro industrial wastes. The following assumptions are typically assumed for equilibrium models 

[14]:  

 The reactor is considered zero-dimensional. 

 The gasifier is frequently regarded as a perfectly insulated apparatus, i.e. heat losses are neglected. In 

practice, gasifiers have heat losses to the environment, but this term can be incorporated in the enthalpy 

balance of the equilibrium model. 

 The dependence on the hydrodynamic behavior as a function of the reactor design is considered perfect 

mixing and uniform temperature. This last assumption is well suited for fluidized bed gasifiers. The 

hydrodynamics of the large-scale gasifiers, e.g. fluidized bed and entrained flow gasifiers are more 

favorable than for moving bed gasifiers, but the residence time of solids is much shorter [8]. 

 Gasification reaction rates are fast enough and residence time is sufficiently long to reach the equilibrium 

state. Although the residence time of solids is short, the high operating temperature for the entrained-flow 

gasifiers, which operate in the slagging range of the ash, results in a good approach to equilibrium. 

Steam-blown gasifiers may not reach equilibrium due to lower operating temperatures. However, in this 

case, kinetic restrictions are avoided by the use of steam-reforming catalysts [11]. 

 No information about reaction pathways and formation of intermediates is given in the model. 

 Tar content is considered negligible because it can be cracked into lower molecular weight compounds 

using catalytic cracking at 800–900 ºC or thermal cracking at 900–1100 ºC [3]. 

A. Chemical reactions 

In the absence (or substoichiometric presence) of oxygen, several reduction reactions occur in the 800–1000 °C 

temperature range. These reactions are mostly endothermic. The main reactions in this category are as follows: 

Steam gasification:  C + H2O ↔ CO + H2                          (1) 

Boudouard reaction:  C + CO2 ↔ 2 CO                                    (2) 

Eqs. (1) and (2) can be combined to give the shift reaction:  

CO + H2O ↔ CO2 + H2                           (3) 

Methane reaction:  C + 2 H2 ↔ CH4                             (4) 
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Biomass essentially contains volatiles, fixed carbon, ash and water. Upon heating the biomass, initially the removal 

of moisture takes place up to about 120 ºC, followed by devolatization up to 350 ºC and the gasification of char 

occurs above 350 ºC [15]. In this model, it is assumed that biomass, which is dry and ash free, contains the elements 

C, H and O. Due to the biomass contains negligible amount of N y S in comparison to the previous elements, they 

are not considered. Therefore, the chemical formula of the biomass is represented as CHaOb. If steam and air are 

used as gasifying agents the global gasification reaction of biomass can be written as follows: 

 

CHaOb + wH2O + s H2O + mO2 + 3.76mN2 → x1H2 + x2CO + x3CO2 + x4H2O + x5CH4 + 3.76mN2          (5)                                                                                                      

 

Where w is the water mol / biomass mol (moisture content), s is steam mol / biomass mol, m, the oxygen mol / 

biomass mol, x1, x2, x3, x4 and x5, are unknown fractions of exit gas composition. If the gasification is carried out 

only with air, s = 0. 

 

The chemical formula of any biomass material can be determined if the elemental analysis and ash content is 

known. The studied agro-industrial wastes were peach pit, grape marc and stalk. Table I showed the results of these 

analyses for each waste.  

Table I. Elemental analysis and ash content for studied agro-industrial wastes (% w/w dry basis). 

Material C (%) H (%) N (%) S (%) O (%) Ash (%) 

Peach pit 53 5.90 0.32 0.05 39.14 1.59 

Grape marc 52.91 5.93 1.86 0.03 30.41 8.81 

Grape stalks 46.143 5.737 0.366 0 37.594 10.16 

 

The typical chemical formulas of peach pit, grape marc and grape stalk material, based on a single atom of carbon, 

are respectively CH1.33O0.55, CH1.34O0.43 and CH1.49O0.61. 

B. Mass balance 

w in Eq. (5) is the water molar quantity /mol of biomass and can be obtained as: 

 

                                    (6) 

 

Where MC is the moisture content, it is calculated by: 

 

               (7) 

 

Where Mbiomass is the biomass molecular weight. The w value is constant because the moisture content is known.  

 

Carbon balance: 

 

                                    (8) 

 

Hydrogen balance: 

 

                           (9) 

 

Oxygen balance: 

 

                                   (10) 

 

C. Thermodynamic equilibrium 

The equilibrium constants for the gasification processes can be written based on the following: 
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                                      (11) 

 

Where yi is the mole fraction of species i in the ideal gas mixture, v is the stoichiometric number, Po is the standard 

pressure, 1 atm. 

 

The equilibrium constant for methane formation (Eq. (4)) is: 

 

 =                               (12) 

 

And the equilibrium constant for the shift reaction is: 

 

                                                                                                          (13) 

 

The equilibrium constant can be obtained by the following equation: 

 

                                           (14) 

 

Where 
 
is the standard Gibbs energy of reaction  is the standard enthalpy of reaction and  is the 

standard entropy of reaction. To determine how standard heats of reaction vary with temperature, the following 

expression is used [16]: 

 

                          (15) 

 

Where  is the stoichiometric number for each component (negative for reactants and positive for products)?   

may be expressed in terms of values of  for reactants and products in a manner similar to Eq. (15): 

 

                           (16) 

 

Where , the ideal-gas heat capacity is showed in Table II. The equilibrium constant K is function only of 

temperature and is written as follows: 

 

                                     (17) 

 

The above equation gives the temperature effect on the equilibrium constant. If ∆H° is negative, the reaction is 

exothermic; the equilibrium constant will be reduced if the temperature increases. On the contrary, K increases 

with T for an endothermic reaction. The general equation for K1 is: 

 

             (18) 

 

The general equation for K2 is: 

 

                    (19) 

 

The equilibrium constants K1 and K2, for any temperature T, can be obtained by substituting the temperature T into 

above equations. 

D. Energy balance 

The equation for the balance for the gasification process, assumed to be adiabatic, is: 
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(20) 

Where   , is the heat of biomass formation, , the heat of water vapor formation, , , 

, are heats of gaseous products formation,  are the specific heats 

of the gaseous products. 

 ∆T = T2-T1; T2, the gasification temperature and T1 the ambient temperature and Tsteam, steam inlet temperature. 

The formation heat equation for 1 mol de solid biomass from solid carbon, hydrogen and oxygen is: 

 

C(s) + a/2 H2 + b/2 O2 → CHaOb                                   (21) 

 

The CHaOb formation is based on the following reactions: 

 

C + O2 → CO2                      ∆Hc1 = -393509 kJ/kmol 

a/2 H2 + a/4 O2 → a/2 H2O                 ∆Hc2 = a/2 · (-241818) kJ/mol 

CO2 + a/2 H2O → CHaOb + (a/4+1-b/2) O2        ∆Hc3 = HHVbiomass kJ/kmol 

C + a/2 H2 + b/2 O2 → CHaOb           ∆Hfbiomass = ∆Hc1+∆Hc2+∆Hc3 

 

Therefore, the formation heats of pit peach, grape marc and grape stalk are -97452.97 kJ/kmol, -142259 kJ/kmol 

and stalk -147357 kJ/mol respectively. Hence, this heat for any biomass material can be determined if the elemental 

analysis and the material high heating value are known. This value can be calculated with good accuracy from the 

following equation: 

 

∆Hc3 = HHV (MJ/kg) = -1.3675 + 0.3137 C + 0.7009 H + 0.0.18 O
*                

(22) 

O
*
 = 100-C-H-Ash                                    (23) 

 

Here O
*
 is the sum of the oxygen and other elements contents (including S, N, Cl, etc.) in the organic matter. Ash, 

C, H and O are weight ash, carbon, hydrogen, and oxygen percent on dry biomass basis, respectively [17]. In order 

to calculate the gases enthalpy change, it is necessary to consider the temperature increase of them (from 298 K to 

the gasification temperature T2). The enthalpy change ∆H can be obtained: 

 

∆H = Cpm (T2 – T1)                                    (24) 

 

Where Cpm is the average specific heat over temperature change: 

 

                                           (25) 

 

A, B, C, D and E are the constants for the gases properties (the constants values are shown in Table II). 

 
Table II. Heat capacities, kJ/mol·K (constants A, B, C, D and E) 

Chemical 

species 
Formula A B C D E 

Methane CH4 34.942 -3.9957·10-2 -1.5303·10-4 -1.5303·10-7 3.9321·10-11 

Hydrogen H2 25.399 2.0178·10-2 -3.8549·10-5 3.188·10-8 -8.7585·10-12 

Carbon 

monoxide 
CO 29.556 -6.5807·10-3 2.013·10-5 -1.227·10-8 2.2617·10-12 

Carbon 

dioxide 
CO2 27.437 4.2315·10-2 -1.9555·10-5 3.9968·10-9 -2.9872·10-13 

Nitrogen N2 29.342 -3.5395·10-3 1.0076·10-5 -4.3116·10-9 2.5935·10-13 

Water H2O 33.933 -8.4186·10-3 2.9906·10-5 -1.7825·10-8 3.6934·10-12 
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E. Model implementation 

Taking into account the overall reaction eq. (5), there are six unknown parameters. These are the five unknown 

fractions of exit gas composition x1, x2, x3, x4, x5 and oxygen m. The six equations required to solve the system are 

eq. (8), (9), (10), (12), (13) and (20). The proposed model is developed using Mathcad software which allows 

solving non-linear equations system. 

III. RESULTS AND DISCUSSION  

The proposed model is used to describe the gasification process of three agro-industrial waste, pit peach, grape 

marc and grape stalk. This model allows to study the effect of different parameters of the gasification process such 

as temperature, biomass moisture content, equivalent ratio (ER = actual air flow/stoichiometric requirement for 

complete combustion) on the composition of the syngas. The results obtained are presented in Fig 1-9. 

A. Effect of reactor temperature 

Figures 1 to 3 show the effect of gasification temperature on the syngas composition when the moisture content in 

different biomass is equal to 40%. The studied range of temperature was 450-900ºC. Taking into account the three 

types of biomass, the H2 content in the syngas increases from 450 to 650ºC and then, it decreases, showing a 

maximum value to 650ºC approximately. CO and N2 content increases with temperature, but this increase was 

smaller at temperatures above 650°C. The CH4 and CO2 contents in the syngas decrease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 1. Syngas composition (peach pit) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 2. Syngas composition (grape stalks) 
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Fig 3. Syngas composition (grape marc) 

Considering the content of H2, CH4 and CO in the syngas, the optimal gasification temperature for this type of 

biomass is between 650 °C and 750 °C. The syngas from gasification of peach pit has higher content of CO and H2. 

 

B. Effect of biomass moisture content 

Figures 4 to 6 shows the effect of different biomass moisture content on the producer syngas composition when the 

fluidized bed is working at 800ºC and ER value 0.3. The three agro-industrial residues exhibit similar behavior, the 

H2 content in the syngas increases with the moisture content, this increase is not very pronounced, showing a 

maximum value for a moisture content equal to 30%. The produced syngas from peach pit has a maximum 

proportion of H2, equal to 22% (Fig. 4). The CO in the syngas decreases with the moisture content from 30% to 

13% in the case of the peach pit gasification. The CO2 content increases from 8% to 13%, in the case of the grape 

stalk (Fig. 5). CH4 values are very low (< 1%) and practically constant in the moisture content range studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig 4. Syngas composition according to the moisture content (peach pit). 
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Fig 5. Syngas composition according to the moisture content (grape stalks). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 6. Syngas composition according to the moisture content (grape marc) 

 

C. Effect of equivalent ratio ER 

The equivalent ratio ER is defined as actual air flow/stoichiometric requirement for complete combustion. Figures 

7 to 9 show the syngas composition for different ER values considering the temperature of 800°C and the biomass 

moisture content equal to 40%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 7. Syngas composition in function of equivalent ratio, peach pit. 
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Fig 8. Syngas composition in function of equivalent ratio, grape stalks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig 9. Syngas composition in function of equivalent ratio, grape marc 

 

ER values ranged from 0.1-0.9. The H2 content in the syngas decrease continuously from 30% to 13% 

approximately, in the case of peach pit, presenting the highest values (Fig. 7). The CO also decreases with ER, 

taking values from 13% to 6% approximately, in the case of grape marc (Fig. 8). CH4 remains practically constant 

in these conditions and its values are very low (< 1%). The CO2 content decreases from 17% to 9% approximately, 

(Fig. 9). The N2 increases with ER taking values between 15% to 60% approximately. 

D.  Effect of biomass gasification with mixed steam-air 

The obtained syngas composition from the peach pit gasification at various SBR (0-4), ER equal to 0.1, operating 

temperature equal to 800°C, moisture content 10% and steam temperature equal to 400°C, are presented in Fig. 10. 

SBR is defined as the steam fed mol / biomass mol. 

 

H2 production increases with SBR reaching a maximum value close to 2.5, while the CO production decreases with 

increasing SBR due to the effect of water gas shift reaction. Small amounts of CH4 are observed in the system. 

Compared to the air gasification, higher amount of H2 are produced at the ER at 800ºC, due to the occurring of 

water gas shift and steam gasification reactions. 
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Fig 10. Syngas composition in function of SBR, peach pit 

IV. MODEL VALIDATION 

Predictions of syngas compositions obtained from proposed model were compared with the experimental and 

theoretical results obtained by [18]. Table III shows the values obtained by the model and those reported in the 

literature cited. The gasification temperature, the biomass moisture content and the ER are equal to 800ºC, 7% and 

0.29, respectively. The low and high heating values of obtained syngas in the different cases were compared. 

 
Table III. Comparison between models data and data reported by [18]. 

 

 Predicted syngas 

composition by 

the proposed 

model. Grape 

stalks (molar 

fraction, wet 

basis) 

Predicted syngas 

composition by 

the proposed 

model. Grape 

marc (molar 

fraction, wet 

basis) 

Predicted syngas 

composition by the 

proposed model. 

Peach pit (molar 

fraction, wet basis) 

Predicted syngas 

composition by 

[18] (molar 

fraction, wet 

basis) 

Experimental 

results of Wood 

pellets gasification 

[18] (molar fraction, 

dry basis) 

Moisture content % 7 7 7 7 7 

ER 0.29 0.29 0.29  0.29 

Temperature (°C) 800 800 800 800 800 

Syngas Composition      

H2 0.197 0.187 0.209 0.188 0.071 

CO 0.232 0.246 0.278 0.240 0.274 

CO2 0.098 0.099 0.063 0.084 0.062 

CH4 0.005 0.004 0.005 0.007 0.018 

H2O 0.074 0.068 0.042 0.059  

N2 0.391 0.393 0.401 0.421 0.546 

HHV (MJ/Nm3) 5.66 5.67 6.41 5.71 ------ 

LHV (MJ/Nm3) 5.25 5.29 5.97 5.32 4.99 

 

The preferred criterion to quantify the difference between numerical results and experimental values is the root 

mean square error, i.e. the variance square root. This error is known as the standard error and summarizes the 

overall error. 
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n

XX
RMSE

n

i idelmoieriment 


 1

2

,,exp )(
                             (26) 

As observed in Table III, the results of the developed model fit well with the syngas compositions obtained from 

experiments and its heating value. This comparison validates the model and its assumptions. 

Where Xexperiment and Xmodel are the experimental [18] and calculated composition and n is the number of species. 

RMSE for grape marc, grape stalks and peach pit are 0.013, 0.015 and 0.022 respectively, considering these values 

acceptable.  

V. CONCLUSION 

The thermodynamic equilibrium state calculation of a system initially composed of agro-industrial solid wastes has 

been carried out in order to evaluate the influence of parameter such as temperature, equivalent ratio, biomass 

moisture and steam biomass ratio. Simulation results have been compared to experimental results obtained by other 

researchers, took in the same operating conditions. The steady species are: H2(g), CO(g), CO2(g), CH4(g) and 

H2O(g). The composition and the heating value of the syngas obtained by gasification process in a fluidized bed 

gasifier were fitted reasonably well with the experimental data. The proposed equilibrium model predicts the 

heating value reasonably well.    

 

Considering the studied variables influence, the following conclusions were obtained:  

 

Temperature plays a determinant role on the system efficiency. It promotes endothermic reactions, but penalizes 

the exothermic reactions. For all studied agro-industrial wastes gasification in fluidized bed, the H2 and CO content 

increase but the CH4 decrease in the syngas composition. The optimum value for gasification temperature is 

between 650 and 750ºC. 

 

The moisture content in the agro-industrial wastes are a significant effect on the syngas composition, increasing the 

H2/CO ratio. The optimum value for this parameter is 30%, approximately. 

 

The H2 and CO contents decreases with the ER augmentation, the optimum value for this parameter is 0.1. 

 

Gasification with a steam and air mixture allows obtaining a syngas with a higher content of H2, being 2.5 the 

optimal value for SBR approximately. 
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