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Abstract:  
In this work it is presented an equilibrium model, capable to predict the composition of the 

generated gas, its Lower Heating Value (LHV), the gasification efficiency, the ratio air/biomass 

and the  ratio gas/biomass in a downdraft gasifier. The model describes the influence of  the 

moisture content of the biomass and the gasification temperatures on the composition and 

properties of the produced gases, like the low heating value (LHV). It is assumed that all the 

chemical reactions taking place  in the gasification area are in thermodynamic equilibrium. The 

model doesn't considered tar formation. It is not considered formation of other hydrocarbons 

(CxHy) than methane.  

The types of biomass used for modelling are: sugarcane bagasse, paddy husk, pine sawdust, 

mixed paper waste and municipal solid waste. The effect of gasification temperature and 

moisture content of biomass over the gas composition has been also investigated. Also an 

exergo-economic analysis of cogeneration system forming by a downdraft gasifier associated to 

an internal combustion engine was carried out, using sugar cane bagasse, rice husk, and pine 

sawdust, as fuel in gasification processes.  

At 700°C the highest amount of CO and CH4 are produce. The amount of CH4 and CO decrease 

with the temperature when the gasification temperature is increased from 700°C to 1000°C. The 

amount produced H2 does change so much between the gasification at 700°C and 1000°C. But 

the amount produced hydrogen is somewhat higher at 800°C. 

The lower heating value (LHV) of the synthesis gas from gasification of sugarcane bagasse the 

LHV of the produced gas is 4,09MJ/Nm3; for gasification of pine the LHV of the produced gas is 

5,32MJ/Nm3; for gasification of rice husk the LHV of the produced gas is 3,14MJ/Nm3, for 

gasification of mixed paper waste the LHV of the produced gas is 4,51%, and for gasification of 

municipal solid  waste the LHV of the produced gas is 3,95MJ/Nm3. 

The cold and hot efficiency of gasification process at 800°C for bagasse with 20% moisture 

content are  55,32% and 84,90% respectively.  

Keywords: Biomass, Cogeneration, Downdraft gasification, Exergo-economic analysis, 

Modelling 
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1. Introduction 
 

The energy alternatives to replace or to supplement the sources used today have been a constant 

challenge for scholars and researchers. The biomass gasification has been identified by experts as 

one of the best alternatives for recovery of energy from biomass. This type of technology does 

not require a large investment demand requiring simple management and maintenance that give 

them high availability. Gasification consists in a thermochemical process through which the 

biomass is converted into fuel gas (synthesis gas) through the partial air oxidation, partial oxygen 

oxidation or partial water steam oxidation at high temperatures. The gasification processes can 

be inserted into the cogeneration process, increasing the electricity production and diminishing 

the fossil fuel consumption.  

In view of the increasing interest for gasification process, it is necessary to model and predict the 

gasifier efficiency, before the development of a gasifier design. Technical and economic 

assessments are important. Building a gasifier at the moment is not always feasible and 

economical. It is necessary to make many previous experiments usually involving much time, 

effort and costs. 

By modelling the gasification, the process can be described with good precision, obtaining 

important information of the process such as the composition of the produced gas. Modelling is 

important from the economic point of view either for design or evaluation of  a gasifier, saving 

time and costs. . 

The two main types of equilibrium models describing the gasification process used for many 

researchers are based on Gibbs´s free energy minimization or on the equilibrium constants 

[Jarungthammachote, 2008]. The modelling based on Gibbs´s free energy minimization is an 

optimization problem that generally uses the Lagrange Multiplication Method. It is necessary to 

know some mathematical theories for solve the optimization and non-lineal equations problems. 

The one based on the equilibrium constants is an equilibrium modelling. It assumes that the 

gasification process occurs in thermodynamic equilibrium. However both methods are of same 

nature [Silveira et al, 2012, Tigabwa, et al. 2012]. The mathematical model proposed by El Asri 

based in a simplified case with a simple source of reaction of liberated energy with finality of 

obtain temperature profiles on gasification process [El Asri, 2008]. Hughes uses the modelling to 



8 
 

simulate the effect of variation of biomass wet content [Hughes, 1997]. Ergudenler validated an 

mathematical modelling for fluidized bed gasifier using experimental data of a fluidized bed 

gasifier of 400kW [Ergudenler, 1997]; Z. A. Zainal developed a modelling based on equilibrium 

constants [Zainal, 2001]. Taking into account tar formation  in the modelling improves  the 

model. In the down draft gasifier the amount of produced tar is low. The tar formation is not 

consider in the presented modelling.   

The modelling used for this work is an equilibrium modelling based on equilibrium constants. It 

assumes that all chemical reactions are in thermodynamic equilibrium in the gasification zone. 

Tar formation on the gasifier is not considered. The formation of hydrocarbon CxHy is not 

considered except the formation of methane. It is expected that the pyrolysis product burns and 

achieves equilibrium in the reduction zone before leaving de gasifier, hence an equilibrium 

model can be used in the downdraft gasifier. The advantage of this modelling is that it simulates 

the influence of biomass moisture, the gasification temperature, and the amount of air in the 

gasifier, on the amount and composition of the produced syntheses gases.       

The model determines the syngas composition and is a important tool in a cogeneration system 

composed by a gasifier associated to an internal combustion engine to produce electricity and 

heat. In order to evaluate the cogeneration system, and to determine the exergetic cost of 

produced heat and electricity, it is used the exergoeconomic method developed by Silveira 

[Silveira, 2001, Silveira, 2007,  Silveira, 2010, Silveira, 2012]. 
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2. Gasification of biomass 
 

2.1 Introduction: 
Gasification is a process in which a combustible gas from the incomplete combustion of 

biomass is obtained. The process has been studied by several generations of scientists, since 

its discovery in the year 1798 until today. The problems associated with impurities resulting 

from the process and the characteristics of the used fuel, have even costly solutions; useful 

mainly in large gasification plants. 

There are different types of gasifiers which are used depending on the characteristics of 

biomass, their size, shape, (geometry).  

 

2.2 Structure and chemical composition of the biomass 
The main organic components of biomass are cellulose, hemicellulose and lignin. In addition 

many species and other chemicals, collectively called extractive, are deposited on the cell 

wall. The proportion of these constituents in the wood is as follows (in percent of dry 

biomass): 40-45% cellulose (approximately equal in soft and hard woods); lignin 25-35% in 

softwoods and 17-25 percent in hardwoods; hemicellulose 20% in softwoods and between 

15-35% in hardwoods, while extracts vary from 1 to more than 10%. 

 

2.2.1 Cellulose: 
Form the structure of the cell wall of the plant. It is composed of molecules of glucose 

(C6H12O6) united in a long chain. The union between two glucose molecules is accompanied 

by the elimination of a water molecule, so the empirical formula of cellulose is (C6H10O5)n 

where n is the degree of polymerization. 

 

2.2.2 Hemicellulose: 
Hemicellulose molecules are also strings as the cellulose, but the degree of polymerization is 

much lower. In contrast to cellulose, which is exclusively composed of glucose, 

hemicellulose includes a variety of monosaccharide. 
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2.2.3 Lignin: 
It is the largest non-carbohydrate portion of the cell wall. Chemically it is markedly different 

from the cellulose and hemicellulose and very complex. The lignin molecule is amorphous. 

The lignin content plays a crucial role in the behaviour of wood. The determination of the 

molecular weight is extremely complicated and its questionable interpretation, therefore all 

process isolation is linked to a change in the structure of the molecule. 

 

 

2.2.4 Extracts: 
The name “extracts” is derived from the fact that it can be removed from biomass by 

extraction with solvents natural. It also refers to substances not taking part of the structure of 

the cell wall. Extracts are compounds of a varied chemical composition as gums, resins, 

sugars, oils, alkaloids, and others. Extracts can have a significant effect on the properties and 

behaviour of the biomass. The extractives are responsible for the smell and colour 

characteristic. Some extractives provide to the biomass certain characteristics such as 

resistance to the attack of the insects.   

 

2.3 Biomass gasification 
The conversion of biomass into gaseous fuel may be performed through two types of 

processes: 

• Biological processes 

• Thermal processes 

Biological processes are applied to biomass with high content of water, more than 90%. A 

typical power supply for biological processes are animal waste, waste from processing food 

as the whey of milk, liquid and solid waste from the sugar industry, the sewage of cities or 

more generally waste water with high content of organic matter. These can be treated with 

populations of selected bacteria, which transform the organic content into gaseous fuel called 

biogas, consisting mainly of methane. 
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The thermal conversion process apply to biomass with low moisture content less than 50% as 

wood, charcoal and others. Thermal gasification of biomass or coal is a process with more 

than two centuries of life, and a large number of applications. The produced  gas can be 

burned in boilers with fewer technical problems regarding direct combustion of biomass. The 

produced gas can be also used for endothermic motors feed or as syngas for chemical 

industry. 

The endothermic engines with biomass gas power historically precede the use of petroleum 

products. Already in 1878 it was reported the employment of a gasifier in order to  feed 

engines coupled to generators of electricity. The greater use of gasifiers, or gas generating 

sets, was in the second world war. More than 1 000 000 gas generating sets were built and 

used in Europe, to power cars, trucks, trains and tractors. The gasifier system - endothermic 

motor – electric generator, being fairly simple to build and use, is a technology which can 

give useful response to the growing need for energy in developing countries, especially in 

isolated rural communities. 

Many of know-how related to the design of biomass gasifiers have continued developed. The 

demands of modern engines in terms of the quality of the fuel are much higher, especially in 

order to reduce emissions and increase efficiency. It is therefore necessary to review this 

technology. It is not difficult to obtain fuel gas from biomass, hardest thing is achieving and 

maintaining consistency in operational conditions for the continuous supply of gas with the 

quality required to modern endothermic engines. 

 

2.4 Chemistry of biomass gasification 
The thermal gasification process is a complex process. It takes place in successive states 

through a considerable number of reactions. 

Gasification is the conversion of solid biomass in a combustible gas (and a certain amount of 

sensible heat), while in the combustion calorific value of the solid is completely transformed 

into sensible heat. Gasification provides some advantages over direct combustion. A gas has 

better properties of combustion than the solid. The combustion process using gaseous fuel is 

more simple to control, requires a smaller amount of air and decreases the emission of 

particles.  The combustion of gaseous fuel can be managed in order to obtain higher 
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environmental security and minimizes undesired emissions. As result the management of the 

plant is also better. The product from gasification is a gaseous fuel which can be used both 

for combustion as for other purposes such as production of methanol, DME and Fischer 

Tropsch diesel, as well as for fuel cell . Combustion converts the energy of the solid fuel into 

a high temperature gas. If the goal is combustion, gasification can be described as a two stage 

combustion process : first production of a gas and the combustion. 

In the thermal conversion of biomass in the presence of oxidizing takes place all of the 

following processes: After a first phase of drying, at around 100 ° C, it follows a phase of 

pyrolysis, which begins to manifest incipiently close to 200 ° C and becomes dominant at 

temperatures between 250 and 450 ° C, with the release of volatile materials. After 

completed the phase of pyrolysis the biomass has been converted in a solid residue, 

consisting of carbonaceous material, known as char, including ash. 

At temperatures above 600°C, the gasification and combustion process takes place.  

The volatiles and part of the char reacts with the oxygen forming carbon dioxide and small 

amounts of CO. It is the combustion process which provides heat for the gasification 

reactions. 

The gasification reactions includes the reaction of the char (C) with steam (H2O), carbon 

dioxide (CO2)  and with oxygen (O2) to produce Hydrogen (H2) and carbon monoxide (CO). 

Gasification is a partial oxidation process. It means that less oxygen is used in gasification in 

comparison with combustion. 

The characteristics of the biomass such as elemental composition, caloric value and moisture 

as well as the characteristics of the gasification process such as amount of air, bed 

temperature are important factors which are going to influence the properties of the produced 

gas such as amount and composition of the generated gas, its caloric value and tar content.  

The general reaction of the gasification of the biomass can be schematically described by 

equation 1. 

Equation 1. 2452423221222 76.376.3 mNCHxOHxCOxCOxHxmNmOOwHOHC zyx +++++=+++  

Also it is generally produced a small amount of methane. 
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After dehydration of biomass and pyrolysis, the products react with oxygen at a temperature 

of 800 - 1000 ° C 

The reaction of combustion is: 

Equation 2    C + O2  CO2                      ∆H0 +406.0 kJ/mol 

 Subsequently a series of reactions are taking place. The main ones of which are the 

Bounduard reaction, the redox reaction of carbon with carbon dioxide to produce carbon 

monoxide, and the reaction of carbon with steam: 

 

Equation 1     C + CO2  2CO                               ∆H0 +172.6  kJ/mol 

Equation 2      C + H2O  CO + H2                  ∆H0 +131.4 kJ/mol 

 

These reactions, the main reactions of reduction, occur slowly, and therefore control the 

gasification rate. 

The successive reactions are the shift reaction and the hydrogasification reaction: 

Equation 3       CO + H2O  CO2 + H2                         ∆H0 –41.2 kJ/mol 

Equation 4          C + 2H2  CH4                                   ∆H0 –75.0 kJ/mol 

 

In the equation 5, hydrogen is produced by the water - gas shift reaction. In the second 

equation production of methane takes place. 

The water gas equilibrium constant determines the ratio between the product of the amount 

of  CO and H2O and the product of the amount of CO2 and H2. But the equilibrium is only 

reached when the reaction rate and the residence time of the components are sufficient. The 

reaction rate decrease with the temperature and below 700°C the water shift reaction rate 

become very low. 

In the gasification zone also occur the following secondary’s reactions: 

 

Equation 5                        C+1/2 O2  CO                   
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Equation 6                        CO + 1/2 O2  CO2                     

Equation 7                        H2 + 1/2 O2  H2O          

Equation 8                      CH4 + O2  CO2 + 2H2O      

 

The kinetics of those reactions are difficult to determine in the real gasification process. 

Usually the process is studied globally, evaluating the energy and mass balance.  

The equilibrium in the described reactions will be reached if the residence time of the 

components and the reaction rate are sufficient. 

A full conversion of the biomass should ideally take place. But in practice this does not 

occur. The products usually contain a variable amount of tar and hydrocarbons. The 

composition of the gas obtained in recent gasification experiences with different technologies 

is shown in table 1. 

Gasification of biomass occurs at high temperatures and the main products of the gasification 

are CO, CO2, CH4, H2, H2O and solids. 

A widely used approach is to express the concentration of the various species depending on 

the temperature and oxygen consumed, the latter in turn represented by the so-called 

equivalence ratio, ER. Equivalence ratio is a measure of the amount of oxygen (or air) 

supplied to the gasifier. Equivalence ratio is obtained dividing the actual molar ratio oxygen 

(or air) to biomass by the stoichiometric oxygen (or air) to biomass molar ratio [Gungor, A, 

2009]. 

 

∗
=

carburantoxidant / 
 weightcarburantedry ight  / oxidant weER

                                    
Equation 11 

 

* Stoichiometric radio in weight for the complete combustion. 

 

This parameter, arbitrarily, with temperature describes the gasification process efficiently. 

When ER = 0 occurs pyrolysis in the absence of oxygen, while ER ≥ 1 represent the 
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complete combustion, with the theoretical or greater amount of air. For gasification ER 

varies generally between the values of 0.2 - 0.4. 

Table 1 shows the compositions of the produced gas from air gasification according to the 

equivalence ratio ER.  

Figure 1 shows the temperature in the reactor in adiabatic conditions as function of the ER 

[Mascia, 2003]. The extent of the reactions of pyrolysis, gasification and combustion 

depends on the equivalence ratio ER. When the amount of air increases (higher ER) the 

combustion predominates.  

Figure 2 shows the composition of the produced gas in function of the ER [Mascia, 2003]. 

The amount of oxygen introduced into the gasifier influences in the composition of the gas. 

The amount of carbon that is not gasified and remains in the residue (char). 

 

Table 1. Typical composition of synthesis gas from biomass gasification. 

Author  Reed T.B 
et. al 

Arauzo 
D.J 

Kaup
p A. 

Et. Al. 

Reed 
T.B 
et. al 

Reed 
T.B et. 

al 

Reed 
T.B et. 

al 

Reed 
T.B et. 

al 

Reed 
T.B et. 

al 

Reed 
T.B et. 

al 

Reed 
T.B et. 

al 

Reed 
T.B et. 

Al 

CO 15.5 20 12.7 11.5 12.1 22.5 22.7 21.4 17.6 19 22 

CO2 12.5 12 13.4 14.2 14.0 12.5 11.6 13.0 14.0 14 6 

H2 17.1 16 15.3 16.2 14.4 12.3 11.5 12.2 8.5 17 12 

CxHx 1.1 1 1.6 1.7 1.7 2.32 1.92 1.87 1.36 2 1.1 

N2 53.7 50 55.2 54.5 55.7 49 50.8 49.9 57 48 57.9 

HHV 
(MJ/Nm3) 4.9 4.5 3.8 3.8 3.7 5.3 5.6 5.3 3.6 5.5 5.3 

O2 - - - - 1.8 1.9 2.1 1.4 1.5 1.65 1.7 - - - - 

 
The experimental results given by Reed in the table above were performed in a downdraft, 

gasifier varying the ratio of equivalence ratio ER [Reed, 1989]. 

The experiment reported by Arauzo was performed in a downdraft moving bed gasifier 

[Arauzo, 1999]. 
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Figure 1. Temperature of reaction in adiabatic conditions of biomass according the ER 

 

  
Figure 2.  Composition of the produced gas according to ER 
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The energy content of the produced gas is calculated from the composition of the gas. 

 

 
Figure 3  Energy content of the produced gas in function of ER. 

 

Figure 3 shows the energy content of the produced gas in function of the ER. 

 

 
Figure 4. Energy in solid and gaseous products according to ER 
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Figure 4 shows energy content of the gaseous and solid residues (produced gas and char) in 

function of the ER. The maximum energy content in the gas content is obtained for a value of 

0.25-ER  

 

2.5 Fundamental properties of fuel for gasification 

processes 
The lignocellulosic materials have different Thermal, morphological, and physicochemical 

Properties.  Thus  the requirements in the gasification systems are also different. There are 

different technologies of gasification and reactor designs, different configurations. 

Each type of Gasifier, taking into account the stability, the quality of the gas, efficiency and 

pressure losses, will operate successfully only within certain limits according the properties 

of the fuel. The main properties of the biomass directly related to the operation of the 

gasifier, are listed below: 

• Energy content. Higher energy content is better for gasification. 

• Moisture content. Higher moisture content reduces the thermal efficiency of the 

gasifier resulting in a low gas heating values.  

• Volatile matter. Higher volatile matter results in higher amount of tar. 

• Content of ash and chemical composition of these. Melting and agglomeration of the 

ashes causes slagging and clinker formation. 

• Reactivity 

• Size and size distribution. The fuel size and distribution affect the pressure drop 

across de gasifier and the reactivity of the fuel in the gasifier. 

• Bulk density. The bulk density of the fuel influences the feeding systems, the fuel 

residence time, fuel and gas flow rate. 

• Carbonization properties 
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2.5.1 Analysis of various types of biomass for use in gasifiers. 

 
A. charcoal 

Different fuels such as wood and coconut shell may be suitable for the production of 

charcoal. Charcoal represents an important type of fuel, with the fitness of use for almost all 

types of gasification systems. Additionally charcoal presents favourable characteristics such 

as its low content of mineral materials and its strength that prevents crushing or its 

disintegration. Charcoal does not contain any tar. 

The charcoal has a relatively high cost, which reduces the competitiveness of gasification, 

with traditional fuels systems. The energy losses in the transformation of the charcoal can 

reach 70%. 

B. Wood 
Wood contains less than 1% ash. Wood is a suitable fuel for use in gasifiers. Wood contain 

high amount volatile matter. 

In order to use the produced gas in internal combustion engines, the gas has to be cleaned 

from tar. The treatment process is complex, with investment of capital and labour needs. 

C. Sawdust 
Sawdust is particularly used in fluidized bed. The majority of the downdraft gasifiers are not 

suitable for sawdust resulting in excessive production of tar and inadmissible pressure drop. 

The use of densified (pelletized) sawdust reduces those problems. 

 D. Agricultural waste 
Important experiences in terms of waste such as coconut shell, husks of corn have been 

performed in fixed bed gasifiers. In particular coconut waste presented as main drawback 

agglomerate formation. However the systems performance improves when the material is 

mixed with a certain amount of wood. 

Most of the straw of cereals presented problems in gasifiers, mainly due to the high content 

of ash (equal to or greater than 10%), resulting in slagging problems. 



20 
 

The rice husk contains above 20% ash, which makes the fuel difficult to gasify. Its handling 

is preferentially performed by downdraft gasifiers, however they have had successful use in 

Italian and Chinese direct kick gasifiers. 

In general the majority of agricultural residues are susceptible to gasify. Aspects such as 

capital costs, maintenance, labour, the need for purification of gases, have hindered its 

widespread use for internal combustion engines. 

E. Peat 
Peat is the first stage of coal formation. The moisture content is very high (90%) and it is 

necessary to dried it before gasification. Successful experiences with peat gasification have 

been performed in down draft gasifiers. The heating value in peat is higher than in wood. 

 

2.6 Use of the producer gas  
 

The producer gas can be use for production of heat (thermal application) or/and power 

(electricity production). The producer gas can be also used for production of fuels like 

hydrogen, methanol, DME and Fisher-Tropsch diesel. 

• Production of thermal energy. Gasification has some advantages in comparison to direct 

combustion specially concerning environmental issues. The combustion of the producer gas 

is cleaner than the combustion of solid biomass. Also the produced gas can be combusted at 

higher temperature than solid fuel, with flame temperature of 1200 ° C by optimal pre-

mixing of producer gas and air,  increasing the efficiency of the process. Some thermal uses 

of biomass gasification are drying of farm products and food, uses in kilns (baking of tiles), 

in furnaces (melting of metals and alloys), in boilers (process industries requiring steam or 

hot water).  

• Production of electric power. The production of electricity is one of the main objectives 

with downdraft gasifier in  isolated communities. The most efficient way of generating 

electricity from biomass is gasification and the use of the produced gas in an Otto-cycle gas 

engine. For the use in the engine the gas has content low amount of tars (table 1.2). For this 

reason the cleaning of the producer gas is an important issue. Depending the amount and the 
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characteristic of the tar contained in the gas, the gas cleaning method can be an expensive 

process. Concurrent reactor or downdraft gas generates a gas with very low tar content, 

which can be used directly to power an internal combustion engine. This is one of main 

advantages offered by the use of this gasifier. The electricity can be produced for local 

consumption or for grid power. 

The producer gas can be used in an engines, for example,  to operate pumps for irrigation 

purpose  

The conversion of the organic carbon in the gasification is greater than 95% while the energy 

efficiency between 70% and 90% can be achieved depending of used  gasification 

technology 

Table 2. Specifications of gaseous fuel for modern engines 

Parameters   Acceptable Optimal  

Gas energetic content  kJ/Nm3 >2500 >4200 

Powder content in gas mg/Nm3 <50 <5 

Size of particles of powder content  μm <10 <1.0 

Tar content mg/Nm3 <100 <20 

 
 

2.7 Resume 
 

1. Thermal gasification of biomass or coal is a process with more than two centuries of life, 

and a large number of applications. The producer gas can be burned in boilers with fewer 

technical problems regarding direct combustion of biomass. The producer gas can be used in 

an internal combustion engine feed. The gas can also be used for production of liquid fuels 

(methanol, FT diesel, DME) or as raw material for production of chemicals at chemical 

industry. 

2. In the thermal conversion of biomass the following processes takes place : After a first 

phase of drying at around 100 ° C, pyrolysis begins to manifest incipiently close to 200 ° C 

and becoming dominant at temperatures between 250 and 450 °C. During pyrolysis  a 
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carbonaceous fast residue (char) is formed. The volatile products of the pyrolysis are  

condensable gases (light and heavy hydrocarbons) and non-condensable gases  (CH4, water 

vapour, CO, H2, CO2). When the temperature of the "char" exceeded the 700 ° C, take place 

the reactions of gasification, which are divided into heterogeneous reactions (gas - solid) and 

homogeneous (gas - gas). The "char" reacts with O2, water, CO2 and H2 vapour to produce 

CO2, CO, H2 and CH4.   

3. The characteristics of the biomass such as elemental composition, caloric value, and 

moisture amount in the biomass, as well as the characteristics of the gasification process such 

as the amount of air injected and the bed temperature, will directly influence the quality and 

composition of the producer gas.  
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3. Prediction of gasification in a downdraft gasifier. 
3.1 The Model 

 
The equilibrium model assumes that all reactions are in thermodynamic equilibrium. It is 

expected that the pyrolysis products burn and achieve equilibrium in the reduction zone before 

leaving de gasifier. Hence an equilibrium model can be used in the downdraft gasifier. The 

reactions are as follows: 

 

COCOC 22 =+           (1) 

22 HCOOHC +=+           (2) 

422 CHHC =+           (3) 

 

Equations (1) and (2) can be combined to give the shift reaction 

 

222 HCOOHCO +=+          (4) 

 

The equilibrium constant for methane formation (K1) (Eq. (3)) is 
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2

4

H

CH

P
P

K =            (5) 

 

And the equilibrium constant for the shift reaction (K2) is 
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Table 3. Ultimate analysis of different biomass. (Dry bases, weight percentages). 

 
Material C H O N S Ash LHV 

(MJ/kg) 

Sugarcane bagasse 44.8 5.35 39.55 0.38 0.01 0.9 17.3 

Pine sawdust 49.29 5.99 44.36 0.06 0.03 0.03 20.0 

Rice Husk 38.5 5.7 39.8 0.5 0.0 0.0 16.1 

Mixed Paper Waste 43.4 5.8 44.3 0.3 0.2 0.2 16.7 

M Solid Waste 47.6 6.0 32.9 1.2 0.3 0.3 18.4 

 
Table 3 shows the ultimate analysis of different biomass [Coronado-Rodriguez, 2006; Zainal, 

2001]. The typical chemical formula for pine sawdust, based on a single atom of carbon, is 

C1H1,458O0,675N0,001. 

The global gasification reaction can be written as follows: 

  76.3 26452423221222001043,0675.0458.1 NxCHxOHxCOxCOxHxmNmOOwHNOCH +++++=+++
 

Where w is the amount of water per kmol of biomass (pine), m is the amount of oxygen per 

kmol of Pine, x1, x2, x3, x4, x5 and x6, are the coefficients of constituents gases of the products. 

                                                                                                            

%100
1828,24

18%100 ×
+

=⇒×=
w

wMC
biomasswetofMass

waterofMassMC                                             (7) 

 

)1(18
28,24

MC
MCw

−
=                                                             (8) 

 

From the global reactions, there are seven unknown variables x1, x2, x3, x4, x5, x6, and m, 

representing the molar concentration of the six gases product and the molar content of oxygen 

for reaction. Therefore, seven equations are required, which are formulated based on the 

following: 
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Carbon balance: 

5321 xxx ++=           (9) 

 

Hydrogen balance: 

541 4222458,1 xxxw ++=+          (10) 

          

Oxygen balance: 

422675,0 32 xxxmw ++=++         (11) 

 

Nitrogen Balance 

62276,3001,0 xm =⋅+                                                                                                                       

(12) 

 

Methane formation: 

2
1

5
1 x

xK =            (13) 

Shift reaction: 

42

31
2 xx

xxK =            (14) 

 

The equation for the heat balance for the gasification process, assumed to be adiabatic, is: 
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Where 0
pinefH , is the heat of formation of pine, 0

)(lfwaterH , the heat of formation of liquid 

water, vapH , the heat of vaporization of water, 0
)(2 vapOfHH , the heat of formation of water vapour, 

0
2fHH , 0

fCOH , 0
2fCOH , 0

4fCHH , 0
2fNH  are heats of formation of the gaseous products, 2Hcp , COcp , 

2COcp , OHcp 2 , 4CHcp , 2Ncp , are specific heats of the gaseous products, T2, the gasification 

temperature at the reduction zone (assumed at 800°C); T1 is the ambient temperature at the 

reduction zone. 

 

Eq. (15) can be simplified to be: 

 

242222 65)(4321)(
0

NCHvapOHCOCOHlOHpinef dHxdHxdHxdHxdHxdHxwdHH +++++=+   (16) 

 

Where TcpHdH fgas ∆+= 0
)(   and   )()(

0
)(

22 vaplOHflOH HHdH +=      

     

The system of equations from the equations (9) to (15) can be solved using The Newton-

Raphson Method. At first the formation enthalpy of biomass (pine), and the equilibrium constant 

of methane formation K1 and shift reaction K2 have to be determined. 

 

The formation enthalpy of any biomass can be calculated if the molar concentration of gases 

produced as result of complete combustion and LHV of that biomass are known. 

)/(000
)(

0
22

0
222222

kmolkJLHVHnHnHnHnH BiomassSOfSONfNvapOHfOHCOfCObiomassf ++++=    (17) 
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Where ngas is the molar concentration of gases, and LHV is the lower calorific value of the 

biomass in (kJ/kmol).   

The lower calorific value for any biomass material can be determined if the ultimate analysis 

is known. The heating value can be determined experimentally by a calorimetric pump, and 

according to Mendeliev equation, the LHV for any biomass can be calculated from the following 

equation [Ioelovich, 2013]: 

 

 LHVt = 339 Ct + 1030 Ht -109 (Ot – St) – 24 Wt                                                                   (18) 

 

At constant pressure, the specific heat can be written as: 

 

pp T
HC )(

∂
∂

=            (19) 

 

The dependence of average specific heat on temperature is given by an empirical equation 

and the most simplified version is [Robert HP et al, 1984]: 

 

21
21

2 )4(
3

(
TT
DTTTCBTARC amampmh +−++=        (20) 

 

Where Tam = (T1+T2)/2 is the arithmetic mean temperature and A, B, C and D are heat 

capacities constants for the concerned gases, Cpmh, is the average specific heat over temperature 

change, and R is the universal gas constant R=8,31J/mol°K 

Table 4 shows the heat capacities of the components [Robert HP et al, 1984] and table 5 

shows the Gibbs free energy and Heat of formation. 
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Table 4. Heat capacities (constants A, B, C and D)  

components tmax A 10^3B 10^6C 10^-5D 

Cp 

(kJ/kmolK) 

CH4 1500 1.702 9.081 -2.164 0 56.55 

H2 3000 3.249 0.422  0.083 29.63 

CO 2500 3.376 0.557  -0.031 31.16 

CO2 2000 5.457 1.047  -1.157 48.33 

N2 2000 3.28 0.593  0.040 30.75 

H2O 2000 3.47 1.45  0.121 37.43 

C 2000 1.771 0.771  -0.867 16.87 

 

 

Table 5. Gibbs free energy and Heat of formation at 298.15 °K 

components Phase ΔG°f298 (kJ/kmol) ΔH°f298 (kJ/kmol) 

H2O g -228572 -241818 

H2O l -237129 -285830 

CO2 g -394359 -393509 

CO g -137169 -110525 

CH4 g -50460 -74520 

H2 g 0 0 

O2 g 0 0 

N2 g 0 0 

 
The following equation gives the equilibrium constant (k) in function of temperature (T). A 

negative ΔH° (heat of formation) indicates an exothermic reaction. Thus when the temperature is 

increased, the equilibrium constant decreases.  For an endothermic reaction, k increases with 

temperature. 
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Two equilibrium equations are required to determinate the equilibrium constants k1 and k2. 

K1 is the equilibrium constant of methane formation Eq. (3). ΔA, ΔB, ΔC and ΔD can be 

obtained from the data of heat capacity . ΔA, ΔB, ΔC and ΔD are calculated as follows: 

 

24 2HCCH −−=∆           (24) 

 

24
2 HCCH AAAA −−=∆          (25) 

 

24
2 HCCH BBBB −−=∆          (26) 

 

24
2 HCCH CCCC −−=∆          (27) 

 

24
2 HCCH DDDD −−=∆          (28) 

 

For the equilibrium constant k2: 

 

222 HCOOHCO −−+=∆          (29) 
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Table 6. Values of ΔA, ΔB, ΔC, ΔD, ΔH°298 and ΔG°298 (standard Gibbs function of 
formation) 

 
Coefficients K1 K2 

ΔA -6,567 -1,86 

ΔB 0,007466 0,000538 

ΔC -0,000002164 0 

ΔD 70100 116400 

ΔH°298 

(kJ/kmol) -74520 41166 

ΔG°298 

(kJ/kmol) -50460 28618 

 
 

Table 7. Values of constants J, I and K 

Coefficients K1 K2 

J/R -7082.85 5872.46 

J  -58886.80 48823.64 

I 32.54 18.01 

ln(k) -3.06 -0.10 

k 0.05 0.91 

 
 

The gasification cold gas efficiency neglects the sensible heat of the produced gas and char. 

It is the case when the produced gas is used in a internal combustion engine, and the gas is 

cooled down to the ambient temperature and the vapours are removed. The sensible heat of the 

gas is not useful. Gasification cold gas efficiency is defined as [Fryda, 2008] 

 

)/(
)/(

biomassbiomass

biomassgas
cg kgkJLHV

kgkJLHV
=η                                (37) 
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3.2 Model results and discussion  
 

The equilibrium model described above was programming in excel and is used for modelling 

the gasification of several biomasses. This model allowed to know a syntheses gas composition, 

the ratio of air/biomass, the ratio gas/biomass, the Lower Heating Value (LHV) of the produced 

gas, and the gasification efficiency, besides allowed to describe those variables behaviour, 

varying the moisture content of biomass, and the gasification temperature.  

 

3.2.1 Model results for different biomasses varying the biomass moisture 

content for a gasification temperature of 800°C. 

 

Tables 8, 9,10,11 and12 show the result for modelling the gasification at 800°C  of different 

types of biomass. The composition of the produced gases indicated in dry basis, the LHV, the 

ratio air/biomass and the efficiency, with an gasification temperature of 800°C, are indicated in 

function of the against the moisture content of the used biomass. 

 

Table 8. Results for modelling sugarcane bagasse gasification at 800°C. 

Gasification of bagasse at 800ºC 

Produced gases Moisture  Content of the biomass 

 

0 % 10 % 20 % 30 % 40 % 

H2,   mf % 14.73 15.80 16.75 17.50 17.95 

CO, mf % 21.62 19.28 16.88 14.41 11.88 

CO2, mf % 10.12 11.78 13.46 15.13 16.79 

CH4, mf % 0.32 0.37 0.43 0.48 0.52 

N2, mf % 53.21 52.76 52.49 52.48 52.87 

LHV(MJ/m3) 4.43 4.27 4.09 3.88 3.62 

ra/c(kga/kgb) 2.51 2.28 2.06 1.85 1.64 

Cold efficiency 71.87 63.60 55.32 47.03 38.72 

Hot efficiency 92.33 88.21 84.90 82.20 79.95 
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Table 9. Modelling results for Rice Husk gasification at 800°C. 

Gasification of rice husk at 800ºC 

Produced gases Moisture  Content of the biomass 

 

0 % 10 % 20 % 30 % 40 % 

H2,   mf % 10.57 11.54 12.39 13.05 13.43 

CO, mf % 17.73 15.75 13.72 11.64 9.51 

CO2, mf % 12.63 14.02 15.42 16.82 18.18 

CH4, mf % 0.17 0.21 0.24 0.28 0.30 

N2, mf % 58.90 58.48 58.22 58.21 58.57 

LHV(MJ/m3) 3.44 3.31 3.15 2.98 2.76 

ra/c(kga/kgb) 2.94 2.68 2.42 2.16 1.91 

 

Table 10. Modelling results for Pine gasification at 800°C 

Gasification of rice husk at 800ºC 

Produced gases Moisture  Content of the biomass 

 

0 % 10 % 20 % 30 % 40 % 

H2,   mf % 19.35 20.68 21.86 22.79 23.37 

CO, mf % 27.79 24.74 21.62 18.44 15.20 

CO2, mf % 7.29 9.45 11.62 13.78 15.91 

CH4, mf % 0.49 0.58 0.66 0.74 0.80 

N2, mf % 45.08 44.55 44.24 44.25 44.72 

LHV(MJ/m3) 5.77 5.56 5.32 5.05 4.73 

ra/c(kga/kgb) 1.90 1.73 1.57 1.41 1.26 
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Table 11. Modelling results for Paper gasification at 800°C 

Gasification of Paper at 800ºC 

Produced gases Moisture  Content of the biomass 

 

0 % 10 % 20 % 30 % 40 % 

H2,   mf % 17.38 18.45 19.36 20.03 20.33 

CO, mf % 22.81 20.25 17.63 14.97 12.26 

CO2, mf % 10.17 11.96 13.76 15.54 17.27 

CH4, mf % 0.42 0.49 0.55 0.60 0.64 

N2, mf % 49.22 48.85 48.70 48.86 49.50 

LHV(MJ/m3) 4.90 4.72 4.51 4.26 3.97 

ra/c(kga/kgb) 2.07 1.89 1.71 1.54 1.38 

 

Table 12. Modelling results for Waste gasification at 800°C 

 

Gasification of Waste at 800ºC 

Produced gases Moisture  Content of the biomass 

 

0 % 10 % 20 % 30 % 40 % 

H2,   mf % 14.53 15.44 16.28 16.98 17.46 

CO, mf % 20.20 18.24 16.19 14.03 11.77 

CO2, mf % 8.84 10.27 11.75 13.27 14.81 

CH4, mf % 0.34 0.39 0.44 0.49 0.53 

N2, mf % 56.09 55.66 55.35 55.24 55.43 

LHV(MJ/m3) 4.23 4.10 3.95 3.78 3.56 

ra/c(kga/kgb) 3.12 2.84 2.55 2.28 2.01 

 

In those tables it is clearly observed that the LHV of the generated gas decreases with the 

moisture content in the biomass. Figures 5and 6 show the influence of the moisture content 

of the biomass on the composition and Low heating value of the produced gas 
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Figure 5. Effect of the moisture content in sugarcane bagasse on the composition of produced 

gas (gasification at 800ºC). 

 

 

 
Figure 6. Effect of the moisture content in pine on the composition of produced gas (gasification 

at 800ºC). 
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Figure 7. Amount produced hydrogen  in function of moisture content for different biomasses, 

gasification at 800°C 

Figure 7 shows an increases of the amount of produced H2 amount with the moisture  content of 

the biomass. This occur because the CO reacts with water, forming CO2 and H2 (shift reaction), 

and if the water content increase then the H2 production increase too.  As consequence the 

amount of CO decreases with the moisture  content of the biomass (figure 8). 

 
Figure 8. Amount produced carbon monoxide in function of moisture content for different 

biomasses, gasification at 800°C 
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When the H2 amount increases, the formation of methane also increases because the hydrogen  

reacts with carbon to form methane (figure 9). 

 

 
 

Figure 9. Amount methane in function of moisture content for different biomasses, gasification 

at 800°C 

 
Figure 10. Low heating value of the gas in function of moisture content for different biomasses, 

gasification at 800°C 

When the moisture content in the biomass increases, the low heating value of the produced 

gas decreases. At higher moisture content in the biomass, higher amount hydrogen and 
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methane while lower amount of CO are produced. According the variation in the gas 

composition the low heating value of the produced gas decreases with the moisture content in 

the biomass (figure 10).  

 

 
Figure 11. Ratio air/ wet-biomass (kg air/kg biomass) in function of moisture content for 

different biomasses, gasification at 800°C 

When the moisture  content of biomass is increased, the weight of biomass increase too, and 

the process need more quantity of air to maintain fixed the gasification temperature, but the 

ratio of air/biomass decrease, because the variation in weight of biomass is higher than the 

variation in weight of air (figure 11).  

In figure 12,  both the hot and cold efficiency decreases with the moisture content of the 

biomass.  

In case of cold efficiency, this effect keeps relation with the decrease of amount CO, 

decreasing also the LHV of gas. The cold efficiency is the relation between the (LHV of 

gas/LHV of biomass).  

The hot efficiency is the ratio between enthalpy of gas and enthalpy of biomass. The increase 

of the water vapour in the gases increases the enthalpy of the produced gas.  But  the 

enthalpy of biomass is also increasing with the moisture content of the biomass. The increase 

of the enthalpy of the biomass is higher than the increase of the enthalpy of gas, and in 
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consequence the hot efficiency increases with the moisture content in the biomass (figure 

12).  

 

  

 
Figure 12. Efficiency of the gasification in function of  moisture content of the bagasse, 

gasification at 800°C. 

 

3.2.2 Results. Modelling gasification of bagasse. Influence of the gasification 

temperature and the moisture content of the bagasse.  

 

The following figures describe the influence of gasification temperature and moisture content 

of the bagasse composition of the produced gases, the ratio air/biomass and the LHV of the gases 

for bagasse gasification 
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Figure 13. Amount produced CO in function of moisture content of  bagasse for different 

temperatures of gasification. 

The amount of CO decreases with the increasing gasification  temperature from 700 °C to 

1000°C (figure 13). In order to increase the temperature of gasification, more air is needed, 

causing an increasing of air coefficent taken the process nearly to complete combustion.   

 

 
Figure 14. Amount produced methane in function of moisture content of  bagasse for different 

temperatures of gasification. 

 

The production of methan behaves like  the production of carbon monoxide when the 

temperature of gasification is increased from 700 °C to 1000°C (figure 14).  
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Figure 15. Amount produced hydrogen in function of moisture content of  bagasse for different 

temperatures of gasification. 

The amount produced H2 increases when the gasification temperature is increased from 

700°C to 800°C and then it decreases when the gasification is further increased up  to 1000°C 

(Figure 15). 

 

 
Figure 16. LHV of gas produced hydrogen in function of moisture content of  bagasse for 

different temperatures of gasification 

 

The decrease of amount CO and CH4 with increasing gasification temperature causes a decrease 

of the LHV of gas (figure 16).  
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Figure 17. The air/ wet biomass ratio (kgair/kgbiomass) in function of moisture content of  

bagasse for different temperatures of gasification. 

 

Figure 17 shows that the amount of air in the process has to be increases (higher air/biomass 

ratio) in order to increase the gasification temperature. 

 

 
Figure 18. Amount produced gases in function of  gasification temperature for bagasse with 

20% moisture content. 

 

Figure 18 indicates that the optimun temperature for gasification is 700°C because higher 

amounts of  CO and CH4 are obtained. The amount produced hydrogen does not vary when the 

gasification temperature is increased from 700°C to 1000°C. At 700°C the tar content of the 
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produced gas is high. Thus a a temperature of 800°C is recomendated, taking into count that the 

maximun amount of H2 is obtained at 800°C [Zainal et all, 2001]. 

 

 

3.3 Resume 
The presented model simulates the gasification process for the biomasses studies, describing 

the influence of  the moisture content of the biomass and the gasification temperatures on the 

composition and properties of the produced gases, like the low heating value (LHV). 

At 700°C the highest amount of CO and CH4 are produce. But at this temperature the 

amount tar in the gases is high. For this reason the optimum temperature of gasification is found 

at 800°C. The amount of CH4 and CO decrease with the temperature when the gasification 

temperature is increased from 700°C to 1000°C. The amount produced H2 does change so much 

between the gasification at 700°C and 1000°C. But the amount produced hydrogen is somewhat 

higher at 800°C. 

  The lower heating value (LHV) of the synthesis gas from the gasification of studied types of 

biomass are: for gasification of sugarcane bagasse the LHV of the produced gas is 4,09MJ/Nm3; 

for gasification of pine the LHV of the produced gas is 5,32MJ/Nm3; for gasification of rice husk 

the LHV of the produced gas is 3,14MJ/Nm3, for gasification of mixed paper waste the LHV of 

the produced gas is 4,51%, and for gasification of municipal solid  waste the LHV of the 

produced gas is 3,95MJ/Nm3.  

The cold and hot efficiency of gasification process at 800°C for bagasse with 20% moisture 

content are  55,32% and 84,90% respectively.  

The air/ wet-biomass ratio for the studied types of biomass at a gasification temperature of 

800°C and with a biomasses with 20% moisture content, are as follows; for bagasse 

2.06kgair/kgbiomass, for pine 1.57 kgair/kgbiomass, for rice husk 2.42 kgair/kgbiomass, for 

paper 1.71 kgair/kgbiomass, and for waste 2.55 kgair/kgbiomass.    
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4. Exergo-economic analysis of cogeneration system 
4.1 Introduction 

A cogeneration system of a downdraft gasifier associated to an internal combustion engines, is 

evaluated and quantified considering an exergoeconomic analysis. The synthesis gas leaves the 

gasifier at a temperature of 800°C, but it need to be cooled before to be used in an internal 

combustion engine, in order to increase the specific mass and in order to condense the steam 

present in it. The gas is cooled in a gas-water heat exchanger producing hot water from 50°C to 

80°C. The synthesis gas is produced using several biomasses such as sugar cane bagasse, pine 

sawdust and rice husk. The gasification process was simulated in the equilibrium model 

previously described. Technical, exergetic and economic aspects such as mass flow of syngas, 

exhaust gases, inlet air in gasifier and inlet air in ICE, exergy of syngas, exergetic efficiency of 

hot water production, electricity efficiency of ICE, exergetic efficiency of gasifier, system 

exergetic efficiency, electricity costs production, hot water production costs and expected annual 

saving, are considered in the analysis. In an economical point view, considering the annual 

interest rates and the amortization periods, the costs of production of electrical energy and hot 

water were calculated, taking into account the investment, the operation and the maintenance 

cost of the equipments. 

In order to evaluate the cogeneration system, and to determine the exergetic cost of produced 

heat and electricity, it is used the exergoeconomic method developed by Silveira [Silveira, 2001, 

Silveira, 2007,  Silveira, 2010, Silveira, 2012]. 

The proposed methodology analyzes the cogeneration system of gasifier associated to an internal 

combustion engine from the exergoeconomic point of view.  
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Nomenclature 

Nomenclature Description 

�� Media of gases constant  

���.�  Cold water specific exergy (kJ/kg) 

���.�  Hot water specific exergy (kJ/kg) 

���
��  Chemical specific gas exergy (kJ/Nm3) 

���
��  Physical specific gas exergy (kJ/Nm3) 

�� � Heat exchanger thermal efficiency 

���,�� Heat exchanger exergetic efficiency 

b biomass 

CMAN,Gasif Maintenance cost of gasifier (US$/kWh) 

CMAN,HE Maintenance cost of heat exchanger (US$/kWh) 

CMAN,ICE Maintenance cost of ICE (US$/kWh) 

COP Operation cost (US$/kWh) 

Cp,w Specific heat of water (kJ/kg-K) 

Eb Biomass exergy (kW) 

ECg Cold gas power (kW) 

EHg Hot gas power (kW) 

Ep Electrical power supply (kW) 

exge Exhaust gas exergy 

exi Specific exergy of element (i) (kJ/kg) or (kJ/Nm3) 

f Annuity factor (1/year) 

FPEE Electricity production factor by consumed fuel 

FPHW Hot water production factor by consumed fuel 

GHW Hot water production gain (US$/year) 

GPEL Electricity production gain (US$/year) 

GTOT Total Gain (US$/year) 

H Operation time (h/year) 

hC.w Cold water enthalpy (kJ/kg) 

hfg Water condensation heat (kJ/kg) 
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hH.w Hot water enthalpy (kJ/kg) 

ICE Internal combustion engine 

IG Gasifier investment (US$) 

IHE Heat exchanger investment(US$) 

IICE Internal combustion Engine Investment(US$) 

InvT Total investment (US$) 

k Payback period (year) 

LHV Lower heating value  

mair Air Mass flow rate (Nm3/s) 

mash Ash flow rate (kg/s) 

mb Biomass flow rate (kg/s) 

mcondensed Condensed flow rate (kg/s) 

mg Gas flow rate (Nm3/s) 

mge Exhaust gas flow rate (Nm3/s) 

mW Water flow rate (kg/s) 

PB Biomass cost. (US$/kWh) 

r Annual interest rate (%) 

S0 Reference entropy (kJ/kg-K) 

SH.w Hot water entropy (kJ/kg-K) 

T0 Reference temperature (K) 

Yi,j Exergetic increment (getting in) (kW) 

Yi.j Exergetic increment (getting out) (kW) 

� Air Coefficient  
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4.2 System description 
 

The system analyzed is shown in Figure 19. The types of biomass, whose ultimate analysis 

appears in Table 13 [Villela, 2009] enters through the top of the gasifier with 20% moisture 

content, but the atmospheric air enters through an intermediary point and descends in the same 

direction of the biomass. After going through the reduction process, the atmospheric air ascends 

without coming into direct contact with the incoming biomass, only exchanging heat to assist the 

pyrolysis process. The atmospheric air enters the pyrolysis region and produces a flame burning 

most part of the volatiles. This flame is known as pyrolytic combustion by which the limited 

quantity of air produces fuel gases besides carbonic gas and water. When the residual volatiles 

are forced to pass through the combustion zone, they reach high temperatures converting them 

into non-condensable gases. After the combustion zone, the biomass is converted into char, and 

the carbon dioxide and the water steam, coming from the combustion zone, react with the carbon 

in order to generate more carbon monoxide and hydrogen. This process substantially cools down 

the gas, as the reduction reactions are endothermic. 

 

 

Figure 19. Downdraft gasifier associated to an internal combustion engines 
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Table 13. Ultimate Analysis of the biomasses used in weight percentage and dry bases. 

Biomass Weight percentages (%) LHV (MJ/kg) 

  C H O N S Ash   

Pine 49.29 5.99 44.36 0.06 0.03 0.30 20.00    

Rice Husk 40.96 4.3 35.86 0.4 0.02 18.34 16.10  

Bagasse 44.8 5.35 39.55 0.38 0.01 9.79 17.30    

 

The equilibrium model development previously explained was used to predict the syngas 

composition obtained from gasification of several types of biomass at 800°C of temperature as it 

is shown in table 14 . The syngas was cleaned in a cyclone to eliminate particulate material. In 

the next stage, the syngas at 600 ◦C [Tigabwa, 2012] is cooled to around 35 ◦C [Baratieri, 2009] 

in a gas–water heat exchanger producing hot water at 50 ◦C, 60 ◦C, 70 ◦C, and 80 ◦C. The heat 

exchanger contains a valve to purge the condensation of the syngas (tars), under these conditions. 

The syngas goes through a safety filter to remove the remaining particulate material, 

guaranteeing the syngas quality and that it is suitable to be used as fuel by an ICE. These 

conditions appear in [Kaushik, 2011]. Finally, a generating set (internal combustion engine 

couplet to a generator), was used to produce electricity. 

Table 14. Syngas composition from gasification of several biomasses at 800°C and 20% 
moisture content. 

Gases Biomasses 

 Pine Rice Husk Sugar cane bagasse 

H2 19.3 10.7 14.6 

CO 19.1 11.9 14.7 

CO2 10.3 13.4 11.7 

CH4 0.58 0.21 0.4 

N2 39.2 50.5 45.7 

H2O 11.5 13.3 12.9 
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4.3 Methodology. 

4.3.1 Simplification and Assumptions. 
The electric energy produced by the generator set was calculated assuming a thermal efficiency 

of the ICE around 10–15%, and  it was also assumed an efficiency of 95% for the electric 

generator. The equilibrium model developed by [Mancebo Bolo, 2011] was used in order to 

determine the ratio the produced  syngas to biomass consumption in the gasifier,  the 

stoichiometric air/fuel ratio in the gasifier, the Low Heating Value (LHV) of produced gas, and 

the coefficient of air � [Mancebo Bolo, 2011]  (Table 15).  

The exergy concept and the construction of functional diagrams (figure 20) are used in 

exergoeconomic analysis [Silveira, 2001, Silveira, 2007,  Silveira, 2010, Silveira, 2012]. The 

exergetic functions were determined in incremental base. During the analysis  it was determined  

the gasifier operation and maintenance costs, the electricity cost, the hot water cost, and the 

amortization investment period. The maintenance costs of the gasifier consider 1250 h/year or 

3.47 h/d of maintenance period (table 16). The cost of  the biomass cost is assumed to 0.0032 

$/kWh [Kaushik, 2011].  In the internal combustion engine operated with synthesis gas it is 

assumed a air/fuel ratio around 10–13. In this study the air/fuel ratio was considered 12. The ICE 

exhaust gases volume was calculated using 12 as the air/fuel ratio and the stoichiometric 

equation for complete combustion.   

Table  17 shows other assumptions such as a heat exchange efficiency of 80%.  In the case of 

heat exchanger, the hot water cost production was determined taking into account the heat 

exchanger investment, hot water exergy increment, operation time, annuity factor and the hot 

water production factor by consumed fuel. The cost of the electricity cost was determined taking 

into account the engine/generator investment, the electric power generated, operation time, 

annuity factor and the electricity production factor by consumed fuel. The payback period was 

determined from thermal and electricity production gain. For the analysis, it was considered  an 

electricity tariff for isolated communities of  0.10 $/kWh [Mancebo Bolo, 2011].  As tariff for 

hot water generation it was considered 0.0022 $/kWh [Mancebo Bolo, 2011]. 
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Table 15. Characteristics of synthesis gas from each biomass. 

Biomass m3gas/kg of 
biomass (dry 
bases) 

m3gas/kg of 
biomass (wet 
bases) 

m3air/kg 
biomass  

LHV gas 
(MJ/m3) 
Dry bases 

LHV gas 
(MJ/m3) 
Wet bases 

� 
coefficient 
of air 

Pine 2.18 2.46 1.35 5.32 4.71 0.338 
Sugar 
cane 
bagasse 

2.42 2.77 1.78 4.09 3.56 0.441 

Rice Husk 2.55 2.95 2.08 3.15 2.73 0.533 
 

Table 16. Assumptions for each equipment. 

Equipment Investment 
(US$) 

Maintenance cost 
(US$/kWh)  

Operation time 
(h) 

Maintenance 
interval (h) 

Gasifier 10000  0.0007 5000 1250 
ICE 8690 0.011 5000 1250 
Heat 
exchanger 

700 0.003 5000 1250 

 

Table 17. Other assumptions. 

 

 

 

Figure 20 shows the functional diagram based on exergetic increment, which one is used to 

represent the real units of the system (Gasifier, Heat exchanger, Internal Combustion Engine), 

and the exergetic flows entering and getting out of each unit. 

 

 

 

 

 

 

 

ITEM Value 
Hot water Temperature 50, 60, 70, 80°C 

Heat Exchanger Efficiency 80% 
Annual interest rate 8% 
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Figure 20. Functional diagram of cogeneration System 

 

4.3.2 Exergetic functions: 
 

Exergetic functions from each unit are determined making the energy losses by the pipes 

negligible.  

Gasifier 

��,� = � ��� ∙ �����                                       (1) 

��,� = �� = � � ∙ ��� = � � ∙ ����                                     (2) 

��.� = ��,� = � �	(���
�� + ���

�� )                                                            (3) 

��.� = � ��� ∙ �����                                                              (4) 

 

Heat Exchanger  

��.� = ��,� = (� � − � ���������	) ∙ (����
�� + ����

�� )                 (5) 

��,� = � � ∙ ���.� = 0                                                           (6) 

Environmental Air  Biomass 

Ash 

Y1,1 Y1,2 

Y1.2 

Y1.1 

Y2,1 

Y2.2 Y2,2 

Y2.1 

Y3,1 

Y3,2 Y3.2 

Y3.1 

Cold Water Hot Water 

Environmental Air  
Exhaust gases  

EP 

 

 
Gasifier 

Heat Exchanger 

MCI-Generator 
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��.� = � � ∙ ��ℎ�.� − ℎ��− ��(��.� − ��)�                         (7) 

���,�� = ��.����,�
��,����.�

                                                                     (8) 

 

 
Internal Combustion Engine ICE 

 

The ICE uses the both thermal and chemical exergy of syntheses gas.    

��.� = ��                                                                             (9) 

��,� = � ��� ∙ �����                                                               (10) 

��.� = � �� ∙ (����
�� + ����

�� )                                              (11) 

 

����
�� = ∑ �� ∙ ���

�� + ��∙ �� ∑ �� ∙ ln �� 	                     (12) 

 

Where 

��  is the gas molar fraction 

���
��  is the chemical exergy of each gas compounding the exhaustion gases [Tuna, 1999] 

�� = ���

����
                                                                               (13) 

��� = � � ∙ ����                                                                  (14) 

� � =
(�� ������� ����� ∙���)∙�� �

��,� ∙(�����)
                                (15) 

 

4.3.3  Economic analysis of the system. 
 

This section studies the economic feasibility of the Gasifier/ICE system, based on the allocation 

cost methodology developed by Silveira [Silveira, 2001, Silveira, 2007,  Silveira, 2010, Silveira, 

2012]. 

 

The equations used in this analysis are: 

�� � = ������∗�
� ∗��.�

�∗ ���� �+ ���� ∗��,�
��.�

�∗ ��� � �+ ��� ∗ ��� � + �� �� ,� � + �� �� ,����� ∗ ����      (16) 
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��� = ������ ∗�
� ∗��.�

�∗ �����+ ���� ∗��,�
��.�

�∗ �����+ ��� ∗ ���� + �� �� ,��� + �� �� ,����� ∗ ����         (17)    

���� = ��� + ��� + �����∗ 1,4         (18) 

                                                                                                                                 

1,4 indicate the associated costs with electric parts, installation, system controls, pipes and 

installation place. [Villela, 2005]. 

FP�� = ��.�
��.����.�

                                                                   (19) 

���� = ��.�
��.����.�

                                                                      (20) 

� = ��∙(���)
(����)

                                                                           (21) 

� = 1 + �
���

                                                                           (22) 

���� = ��.� ∙ � ∙ (��� − ���)                                             (23) 

��� = ��.� ∙ � ∙ (��� − ��� )                                          (24) 

���� = ���� + ���                                                             (25) 

 

4.4 Results and discussions.   
The calculated values of exergo-economic analysis associated to the Gasifier/ICE system using 

the first and second law of thermodynamics are listed below: 

The power supplied by biomass (Y1,1), the gasifier exergetic efficiency (ExEff. Gasifier), the 

hot syngas exergy (Y1.1), the cold syngas exergy (Y2.1), the hot water exergy (Y2.2), the 

electric power supplied by ICE (Y3.1), the exergy increment of exhaust gas (Y3.2), the heat 

exchanger exergetic efficiency (ExEff. Heat Exch), the ICE exergetic efficiency (ExEff.ICE), 

and the System exergetic efficiency are listed below in (table 18). 

The exhaust gas mass flow is 274.4 Nm3/h in pine sawdust gasification, 266.8 Nm3/h in bagasse 

gasification and 251.76 Nm3/h in rice husk gasification (table 21).  The air fuel ratio for Internal 

Combustion Engine are 1.32 m3air/m3 syngas from pine sawdust gasification, 1.01 m3air/m3 

syngas from bagasse gasification, and 0,77 m3air/m3 syngas from rice husk gasification (table 

21). 

The cogeneration system gain in US$/year for each biomass and a temperature of hot water of 

80°C, are shown in (table 20). 
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Table 18. Value of exergetic increment obtained from each biomass. 

 Rice Husk Bagasse Pine 

Y1,1 (kW) 240.13 273.13 300.78 

Y1.1 (kW) 152.68 181.77 208.28 

Y2.1 (kW) 134.26 164.59 193.16 

Y2.2 (kW) 3.41 3.16 2.72 

Y3.1 (kW) 25.51 31.27 36.70 

Y3.2 (kW) 27.20 28.17 28.68 

ExEff. Gasifier 63.58 66.55 69.24 

ExEff. Heat Exch 18.49 18.39 18.01 

ExEff. ICE 19.00 19.00 19.00 

ExEff. System 12.04 12.61 13.11 

 

Table 19 shows all costs calculated in the system gasifier/ICE adopting the following 

assumption: The biomass price is 0.0025 US$/kWh, interest rate is 8% yearly and the payback 

period is ranging from 1 to 8 years. In case of hot water cost, it can be noted that it decreases 

while the hot water temperature increases. The cost of hot water decreases also when gradually 

the payback period increases. The cost of  electricity decreases when the payback period 

increases. From payback period equalling to: 5 years for pine, 6 years for bagasse, and 8 years 

for rice husk , the electricity cost calculated achieves the lower values compared to the electricity 

tariff. In case of hot water cost considering the exergy of water shown in table 19, it can be noted 

that for each hot water temperature, the hot water production cost for domestic uses did not 

achieve lower values compared to hot water tariff (0.0022US$/kWh). Therefore the Gasifier/ICE 

system did not produce hot water with competitive prices.  
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Table 19. Hot water (HW) and electricity(EE) cost for each studied biomass. Different hot water 

temperature. 

Payback HW temp 
50°C 

HW temp 
60°C 

HW temp 70°C HW temp 80°C  

Bagasse CHW(US$/kWh) CHW(US$/kWh) CH W(US$/kWh) CH W(US$/kWh) CEE(US$/kWh) 

1 0.219 0.162 0.129 0.109 0.252 

2 0.125 0.093 0.074 0.063 0.158 

3 0.093 0.069 0.056 0.048 0.126 

4 0.078 0.058 0.047 0.040 0.111 

5 0.068 0.051 0.041 0.035 0.101 

6 0.062 0.047 0.038 0.032 0.095 

7 0.058 0.043 0.035 0.030 0.091 

8 0.054 0.041 0.033 0.029 0.087 

Pine      
1 0.204 0.151 0.121 0.101 0.238 

2 0.116 0.086 0.069 0.058 0.149 

3 0.086 0.064 0.052 0.044 0.120 

4 0.071 0.053 0.043 0.037 0.105 

5 0.063 0.047 0.038 0.032 0.096 

6 0.057 0.043 0.035 0.030 0.090 

7 0.053 0.040 0.032 0.028 0.086 

8 0.049 0.037 0.030 0.026 0.083 

Rice 
Husk 

     

1 0.243 0.179 0.143 0.120 0.275 

2 0.139 0.103 0.083 0.070 0.171 

3 0.104 0.078 0.063 0.053 0.137 

4 0.087 0.065 0.053 0.045 0.119 

5 0.077 0.058 0.047 0.040 0.109 

6 0.070 0.053 0.043 0.036 0.102 

7 0.065 0.049 0.040 0.034 0.098 

8 0.062 0.046 0.038 0.032 0.094 
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Table 20. Cogeneration system annual gain for the different type of  biomass and for 80°C of hot 

water temperature.  

 Rice Husk Pine Bagasse 

years Total G. 80°C Total G. 80°C Total G. 80°C 

1 -24328.41 -26665.62 -25523.61 

2 -10233.35 -9789.30 -9997.04 

3 -5544.26 -4174.95 -4831.72 

4 -3206.64 -1376.07 -2256.69 

5 -1809.58 296.65 -717.75 

6 -882.79 1406.33 303.17 

7 -224.69 2194.28 1028.11 

8 265.51 2781.20 1568.09 

9 643.79 3234.13 1984.79 

10 943.76 3593.29 2315.23 

11 1186.80 3884.29 2582.95 

12 1387.17 4124.20 2803.68 

  

Table 21. Characteristics of ICE´s exhaust gas  

 Pine Bagasse Rice 

R g/fuel vol (m3/m3) 2.10 1.84 1.64 

R air/fuel vol (m3/m3) 1.32 1.01 0.77 

Exhaust gas mass flow (m3/h) 274.40 266.80 251.76 

 

Figure 21 shows the annual expected saving variation with an increasing payback period for the 

analysis conditions established as: electricity gain, hot water gain, an interest rate of 8% per year, 

hot water production factor and payback period of 1–12 years. A Gasifier/ICE system operating 

5000 h/year with Pine sawdust, Bagasse, and Rice Husk presents economic feasibility at 5, 6, 

and 8 years of payback period respectively.  
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Figure 21. Payback period of cogeneration system for each biomass. 

 

Figure 22 shows the system exergetic efficiency in function of the  water temperature for each 

biomass used for gasification.  The exergetic efficiency of system increases when the hot water 

temperature is increased.  The increase of the hot water temperature is increased causes an  

increment of exergy of hot water and at the same time and increment of the exergetic efficiency. 

 

 
Figure 22. System exergetic efficiency in function of the hot water temperature for each biomass 
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4.5 Resume 
 

The exergo-economic impact of a cogeneration system (gasifier/ICE) has been evaluated using 

the following types of  biomass: pine sawdust, rice husk, and sugar cane bagasse.  

The cogeneration system adopting an annual interest of 8%, is economically feasible at a 

payback period of: 

5 years for Pine sawdust, with a system exergetic efficiency of 13.11%. The production cost of 

hot water and electricity are 0.026 US$/kWh and 0.083US$/kWh respectively for 80°C of hot 

water temperature. 

6 year for sugar cane bagasse, with a system exergetic efficiency of 12.61%. The production cost 

of hot water and electricity are 0.029 US$/kWh and 0.087 US$/kWh respectively for 80°C of hot 

water temperature. 

 8 years for rice husk, with a system exergetic efficiency of 12.04%. The production cost of hot 

water and electricity are 0.032  US$/kWh and 0.094 US$/kWh respectively for 80°C of hot water 

temperature. 
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5. Conclusions 
With the presented model the gasification process for the biomasses studies is simulated, 

describing the influence of  the moisture content of the biomass and the gasification temperatures 

on the composition and properties of the produced gases, like the low heating value (LHV). 

At 700°C the highest amount of CO and CH4 are produce. But at this temperature the 

amount tar in the gases is high. For this reason the optimum temperature of gasification is found 

at 800°C. The amount of CH4 and CO decrease with the temperature when the gasification 

temperature is increased from 700°C to 1000°C. The amount produced H2 does change so much 

between the gasification at 700°C and 1000°C. But the amount produced hydrogen is somewhat 

higher at 800°C. 

The lower heating value (LHV) of the synthesis gas from the gasification of studied types of 

biomass are: for gasification of sugarcane bagasse the LHV of the produced gas is 4,09MJ/Nm3; 

for gasification of pine the LHV of the produced gas is 5,32MJ/Nm3; for gasification of rice husk 

the LHV of the produced gas is 3,14MJ/Nm3, for gasification of mixed paper waste the LHV of 

the produced gas is 4,51%, and for gasification of municipal solid  waste the LHV of the 

produced gas is 3,95MJ/Nm3. 

The cold and hot efficiency of gasification process at 800°C for bagasse with 20% moisture 

content are  55,32% and 84,90% respectively.  

The air/ wet-biomass ratio for the studied types of biomass at a gasification temperature of 

800°C and with a biomasses with 20% moisture content, are as follows; for bagasse 

2.06kgair/kgbiomass, for pine 1.57 kgair/kgbiomass, for rice husk 2.42 kgair/kgbiomass, for 

paper 1.71 kgair/kgbiomass, and for waste 2.55 kgair/kgbiomass.    

The cogeneration system adopting an annual interest of 8%, is economically feasible at a 

payback period of: 

5 years for Pine sawdust, with a system exergetic efficiency of 13.11%. The production cost of 

hot water and electricity are 0.026 US$/kWh and 0.083US$/kWh respectively for 80°C of hot 

water temperature. 
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6 year for sugar cane bagasse, with a system exergetic efficiency of 12.61%. The production cost 

of hot water and electricity are 0.029US$/kWh and 0.087US$/kWh respectively for 80°C of hot 

water temperature. 

 8 years for rice husk, with a system exergetic efficiency of 12.04%. The production cost of hot 

water and electricity are 0.032 US$/kWh and 0.094US$/kWh respectively for 80°C of hot water 

temperature. 
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