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Introduction 

Given the climatic changes, the increasing levels of pollution, and the rising prices of 

fuel, the necessity to find alternative sources of energy has become of major 

importance. Human dependence on fossil fuels has led to an overexploitation of 

Earth’s resources. In an effort to prevent further damage to our planet, technology 

around alternative sources of energy has been developed. Aeolian and solar energy, as 

well as the use of biomass have evolved until posing a profitable alternative to the use 

of fossil fuels.  

Biomass describes organic matter, whether animal or plant, that can be used as a 

source of energy. Within the Colombian context, and due to its vast agricultural 

production, it’s desirable to characterize and categorize different residues of this 

industry to understand their potential as biofuels. It’s possible by these means to 

understand the properties of a product usually discarded in the Colombian fields, the 

sugarcane leaf top, and analyze its potential to produce gaseous fuels in order to 

contribute in the current search for cleaner sources of energy.  If it is possible to show 

that the sugarcane top has enough potential to be transformed into fuel by means of 

gasification, the necessary industry could be developed in Colombia to mass produce 

biofuels in order to contribute to the development of cleaner ways of producing 

energy, and using as primary source material already available as waste of one of the 

major industries in the country. 
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Objectives 

General Objectives 

This research aims to determine the possibility of producing gaseous fuel from 

sugarcane top through gasification using air-steam mixtures for partial oxidation. 

Proximate, ultimate, and thermogravimetric analyses will be carried out in order to 

determine the thermal properties.  

 

Specific Objectives 

 Characterize the sugarcane top (SCT) through proximate and ultimate 

analyses. 

 Determine the chemical composition and heating value of SCT. 

 Determine the enthalpy of formation and combustion kinetic constants. 

 Identify the gases produced during gasification using air and water as 

oxidizers. 

 Analyze the effect of changes in the amount of water and air used during 

gasification. 
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Literature Review 

Biomass and Bioenergy 

Biomass, as specified before, refers to organic plant or animal matter. The energy 

stored in this matter is acquired by photosynthesis and transferred to animals by 

ingestion. A very important characteristic of biomass is that it is considered a CO2 

neutral fuel, which means that even if it is necessary to burn it to use its stored energy, 

the amount of CO2 emitted into the atmosphere is the same amount that was absorbed 

during photosynthesis, thus not increasing the net levels of CO2 in the atmosphere 

[10]. Making bioenergy a completely clean and renewable source of energy. This is 

illustrated in figure 1.  

Figure 1: Cycle of carbon dioxide 

 

One of the main reasons to produce bioenergy comes from the wide availability of 

biomass. Biomass can be used as fuel itself by burning it, or it can be processed to 

produce gaseous and liquid fuels. Production of ethanol from corn and sugarcane is 
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the most notorious example of this. In 2010, 287 million liters of alcohol were 

produced in Colombia from the sugarcane production [1]. It is important to notice that 

using the main crop product to produce fuels can lead to food shortages and price 

increase that directly affect the population, leading to an ethic debate of whether the 

food is being destined to feed machines or people.  Using the residues of the harvest to 

produce fuel eliminates the thread of price increase and provides a better use for the 

remains.  

Sugarcane 

Sugarcane is a tall grass that grows mainly in the tropic and sub-tropic regions. It 

grows best at temperatures between 26 to 32 C and humid climates [2]. It is 

composed of three main parts, the roots, leaves, and 

stalk that is divided in nodes (figure 2). The stalk 

can be 2 to 5 meters tall, it has a diameter of 5 to 6 

centimeters, and is very rich in sucrose[3].  

Sugarcane takes 12 to 16 months to mature. 

Harvesting can be done manually or mechanically. 

Manual harvesting consists in cutting the stalk as 

close to the floor as possible, removing all the leaves 

and organizing the stalks to be picked up and 

processed. This process requires skilled labor to avoid 

loses and damaging of the stalks. Mechanical harvesting relies on machines to 

complete the harvesting process. The machine removes all leaves and cuts the stalks 

into small pieces called billets. Billets are stored in bins that ride alongside of the 

Figure 2: Parts of the sugarcane plant 
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harvesters. Mechanical harvesting increases the speed with which the sugarcane is cut 

and cleaned, but eliminates some of the advantages that manual harvesting provides 

as the possibility of eliminating rotten and dry stalks. Another benefit of manual 

harvesting is that the stalks are cut closer to the ground decreasing the losses[4].  

After being cut, sugarcane stalk is processed to obtain brown or refined sugar, 

falernum, molasses, and ethanol to be used in alcoholic beverages, solvents or fuel[5]. 

The remaining stalk of the sugar production can also be sued to produce ethanol. The 

sugarcane leaf top represents around 12.6% of the sugarcane production [1][6]. 

Usually, it is used as food for cattle, protection against passing by machinery on fields 

or it’s simply burned [8][9]. 

In Colombia sugarcane is harvest mostly manually and has become one of the most 

important products in the Colombian agricultural industry.  In 2010, 20.3 million tons 

of sugarcane were produced and the production is expected to increase during the 

following years[1]. 
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Characterization of Biomass 

Proximate and Ultimate Analyses 

Proximate and ultimate analyses are widely used to characterize biomass. A 

proximate analysis provides information on the moisture content of the sample as 

well as volatile content, amount of free carbon and ash. Using an ultimate analysis it is 

possible to determine the percentages of carbon, hydrogen, oxygen and other 

chemical elements present in the sample.It is also possible to determine the high 

heating value of the biomass from these analyses. 

The typical composition of biomass would be: 

 

Where C,H,O,N,S represent the mass fraction of the elements that make up the sample. 

It is important to notice that the hydrogen and oxygen present in moisture are listed 

separately from the hydrogen and oxygen that make up the fuel[13]. 

 

Thermogravimetry 

Thermogravimetric analyses are used to determine the change on weight of a sample 

as a function of the change in temperature within a controlled environment. Using a 

thermogravimetry analyzer it is possible to determine the amounts of water, volatile 

matter and ash present in a sample. The process to perform a thermogravimetric 

analysis (TGA) is thoroughly described in ASTM E1131-08 standard. The basic 

instruments needed to perform a TGA are: 
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 Balance: Used to determine the changes in weight of the sample as 

temperature increases, and is controlled electronically to maintain the balance 

and guarantee that the sample remains in the same place throughout the 

experiment.  

 Furnace: Used to increase the temperature, it is expected to maintain a steady 

heating rate. Commercial furnaces can heat up to 1600C or cool samples to -

160C using liquid nitrogen. The heating or cooling rate can vary from fractions 

of degrees to 100 C/min. High heating rates should be avoided to prevent 

temperature gradients within the sample.  

 Crucibles: The sample to be examined is placed on a crucible which is locates 

on the balance. Crucibles must be inert in the atmosphere in which the analysis 

is taking place. The best crucibles are made of platinum due to its high melting 

point and because is inert in respect to most gases. Other crucibles, though less 

inert, can also be used, for example nickel, fused alumina, silica or different 

ceramics. Crucibles are expected to be thin so they can follow the furnace 

temperature and avoid temperature lags.  

 Thermocouples: Two thermocouples are used, one to measure the temperature 

of the furnace, near the sample, and the other one is used to measure and 

control the circuit’s temperature to guarantee a steady heating rate[12].  

In order to obtain reliable results it is important for all the instruments to be 

calibrated.  
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Gasification 

Biomass can be transformed to produce liquid, solid, or gaseous fuel. The gasification 

process consists of the conversion of carbonaceous fuel into a gaseous product with a 

useable heating value.Is a process of thermal degradation that takes place in an 

oxygen deprived atmosphere [15][16]. There are three main types of gasification: 

Pyrolytic gasification, partial oxidation, and reforming. Pyrolytic gasification consists 

in the degradation of the sample in the absence of an oxidizing agent¡Error! No se 

encuentra el origen de la referencia., partial oxidation takes place when the process 

includes pure oxygen or air as oxidizers, and reforming uses air, steam, or both as 

oxidizers to produce a wide variety of products which can be controlled varying the 

amounts of the oxidizers used. A typical reforming reaction would be: 

 

 If air is to be used as oxidizing agent, the product of the process as a low heating value 

gas, if a higher heating value gas is required then the oxidizing agent can be switched 

to oxygen. The gasification process has four stages: Drying, pyrolysis, oxidation, and 

reduction[17].  

 Drying: In this stage the biomass is dried and all the moisture presents is 

converted to steam. 

 

 Pyrolysis: In this stage tar, char, and some gases are produced.  
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 Oxidation: In this process the volatile matter is oxidized. The reactions that 

take place are: 

 

 

 

 

 Reduction: Carbon that has not yet reacted is reduced. 

 

 

The combustible gas product of gasification can be used in internal combustion 

engines, turbines, heat production equipment, among others[18][20].   

 

Combustion Kinetics 

Thermodynamic states whether a process occurs naturally or not. The rate at which a 

reaction occurs is determined by combustion kinetics. Combustion kinetics relate the 

speed of the reaction to external variables, such as temperature and concentrations of 

reactants, and heterogeneity of the mixture. Also, combustion kinetics attempts to 

establish the reaction mechanism that dives a combustion process[21]. A combustion 

process can be expressed as: 
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Where lower case letter (a,d,c,d) represent the stoichiometric coefficients, capital 

letter A and B represent the reactants, and C and D represent the products of the 

reaction. The rate at which the reactants disappear can be expressed as: 

 

Where [A] and [B] represents the concentration of the reactants, x and y represent the 

reaction order and are determined experimentally and k is the rate constant of the 

reaction. Since the rate of reactant disappearing the same as product appearing, it is 

possible to state that: 

 

 

 

 

Where kp is the equilibrium constant. The Van’t Hoff equation states that: 

 

Integrating both sides of the equation and taking account of the reaction mechanism it 

is possible to derive the Arrhenius Equation: 

 

Where Ea is the activation energy, R is the universal gas constant, and A is a pre-

exponential factor that depends on the reaction mechanism. This derivation process is 

thoroughly explained in [23]. Plotting of ln(k) versus 1/T gives a straight line with 

slope –Ea/RT and intercept of ln(A). 

 



 15 

Solid State Kinetics 

Reactions of materials in the solid states are influenced by a variety of factors. In the 

case of a solid material reacting with a gas, the diffusion coefficient of the gas through 

the solid determines the rate of the reaction, as the solid gets thicker the speed of the 

reaction decreases.  Other factor affecting the behavior or speed of the reaction may 

be the location where the reaction is taking place, If the reaction is occurring on the 

surface of the solid, particle size, volume, and characteristic of the surface, as pores or 

cracks, might affect the rate of the reaction of the sample.  Becauserepresenting the 

reaction in terms of the concentration of its components is very difficult and not 

useful since the reaction depends on a variety of other parameters, it is better to 

consider the amount of sample that has reacted (α) as the reaction variable. The 

reaction rate can be expressed as dα/dt. The usual behavior of a solid reacting with 

gas is shown in figure 3: 

 

 

Figure 3: Percent of sample reacted as function of time 

It is possible to see the progression in the reaction rate. Reactions in solid states 

increase the speed slowly, where the gas is being adsorbed and active sites are being 
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formed, until maximum rate is achieved when the active sites are fully developed, 

after which there is a decay region nearing the end of the reaction.  

The amount of sample reacted can be described mathematically as follows[25]: 

 

Wheref(α) is a function that is determined by the reaction mechanism that controls 

the processand t is the time. The following table shows the different f(α) for different 

mechanisms: 

 

Mechanism Symbol f(α) 

Avrami-Erofeev Two dimensional 

growth of Nuclei 

A2 [-ln(1- α)]1/2 

Avrami-Erofeev Three 

dimensional growth of Nuclei 

A3 [-ln(1- α)]1/3 

Two dimensional diffusion D2 (1-α)ln(1- α)+ α 

Three dimensional diffusion D3 [1-(1-α)1/3]2 

First order F1 -ln(1- α) 

Scond Order F2 1/(1- α) 

Third Order F3 [1/(1- α)]2 

Table 1: Reaction mechanism and the functions that define them[25] 
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Kinetic Parameters of the Reaction 

The activation energy of the biomass can be determined from the results of the 

thermogravimetric analysis using the Flynn approximation described in [24] and 

briefly summarized here. Arrhenius equation can also de expressed as: 

 

Where T is the absolute temperature and β is the constant heating rate in C/seg used 

during the TGA. It is necessary to assume that the activation energy, f(α), and the pre-

exponential factor A are independent of T, and that A and Ea are independent of α so 

that it is possible to separate the variables and integrate to obtain: 

 

 

 

 

 

Neglecting the integral at T0, this equation can be expressed in logarithmic form as: 
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For E/RT>20, the equation becomes: 

 

Differentiating this equation we obtain: 

 

Thus, obtaining the slope of the graph of log β vs. 1/T it is possible to determine the 

activation energy of the biomass. 
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Characterization of Sugarcane Leaf Top 

Proximate and Ultimate Analyses 

Proximate and ultimate analyses were performed on a sample of sugarcane leaf top. 

The following table summarizes the results obtained from the analyses performed at 

Universidad del Valle in Cali, Colombia.  

 

Element Value 

Humidity (mass %) 8.94 

Ash (mass %) 4.61 

Volatile matter (mass %) 85.23 

Fixed carbon (mass %) 1.21 

High Heating Value (cal/g) 3828.71 

Nitrogen (mass %) 0.58 

Carbon (mass %) 41.35 

Hydrogen (mass %) 6.05 

Table 2: Results of Proximate and Ultimate analyses 

The mass percentage of oxygen was determined from: 

 

 

The following table compares the mass percentages of volatile matter, fixed carbon, 

and ash of different biomass on dry basis.  
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Mass percentage or selected biomass on dry basis 

Biomass Volatile matter Fixed Carbon Ash 

Wheat straw 69 23 8 

Wheat bran 70 22 8 

Rice straw 59 19 21 

Rice husk 66 17 18 

Hay 65 21 14 

Cotton satlks 72 24 4 

Wood 84 16 0.3 

SCL 85.23 1.21 4.61 

Table 3: Volatile matter, fixed carbon ,and ash in different biomasses[26] 

We can observe that the sugarcane leaf top has very low fixed carbon in comparison 

to other biomasses and a relatively high amount of volatile matter as well as a 

relatively low amount of ash. The low amount of ash implies that there will be less 

residues during a combustion process while he large amount of volatile matters 

means that there will be more fuel produce per kg of fuel.  

 

Empirical Formula 

The chemical formula that describes the sugarcane leaf top and the high heating value 

were obtained excluding the ash and humidity present in the sample in order to 

compare it to other biomasses. The dry-ash free (DAF) composition of the sample was 

calculated using the following equation: 
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Applying this formula to all the elements that make up the sample, the DAF mass 

composition of the sugarcane leaf top is obtained: 

Element Mass % DAF mass % 

Carbon 41.35 47.83 

Hydrogen 6.05 7.00 

Nitrogen 0.58 0.67 

Oxygen 43.08 49.83 

Table 4: Mass percentage of elements 

Using the molar mass of each of the elements the molar composition is determined: 

Element DAF mass % 

Molar mass 

(Kg/kmol) Moles of element 

Carbon 47.83 12.0107 3.98 

Hydrogen 7.00 1.00794 6.94 

Nitrogen 0.67 14.00674 0.05 

Oxygen 49.83 15.9994 3.11 

Table 5: Moles of element present in the sample 

The chemical formula needs to be normalized, that is achieved dividing the moles of 

each element by the amount of moles of carbon present. The resulting chemical 

formula and molar mass are: 
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High Heating Value 

Order to determine the heating capacity of the fuel it is also necessary to exclude the 

humidity and ash present in the sample: 

 

 

 

 

 

 

Biomass 

HHV dry basis 

(kJ/kg) 

Wheat straw 17200 

Wheat bran 19000 

Rice straw 14700 

Rice husk 18600 

Hay 18200 

Cotton satlks 17400 
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Wood 18400 

SCL 16215.5 

 

When the HHV on dry basis are compared the heating capacity of the sugarcane leaf 

top is noticeably lower than other biomasses, requiring more mass to provide the 

same amount of heat.  

 

Enthalpy of Formation 

The code written on EES (Appendix B) allowed easy calculation the enthalpy of 

formation of the biomass, it takes in consideration the formation enthalpies of the 

products as well as the reactant to establish[27]: 

 

 

Where N represents the moles of each element present in the products or reactants, 

 represents the enthalpy of formation of the elements, ho is the enthalpy at a certain 

temperature T and h@25C is the enthalpy of the element at 25C. To determine de 

enthalpy of formation of the sugarcane leaf top the stoichiometric reaction was 

established as: 

 

 

Using the enthalpies of each of the elements present in this reaction, the enthalpy of 

formation was calculated to be: 
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Simulation of Gasification Products 

In order to predict the products obtained for gasification, different simulations were 

performed varying the amounts of air and vapor used in the process. The software 

Engineering Equation Solver (EES) was used to obtain the enthalpy of formation of the 

biomass as determined by the proximate and ultimate analyses, as well as the 

normalized enthalpy that is used as the input for the simulation software Chemical 

Equilibrium with Applications. 

The parameters varied during he simulations were the equivalence ratio and the 

steam to fuel ratio. The Equivalence ratio (ER) is defined as the ratio between the 

amount of air required for the stoichiometric reaction (astoi) and the air used in the 

actual process (aact): 

 

The steam to fuel ratio (SF) is the relation between the amount of vapor used and the 

amount of fuel: 

 

The simulations used always as input only one mole of fuel, changing only the amount 

of vapor used: 

 

The values of ER and SF used were: 

 

SF 0 0.2 0.4 0.6 0.8 1 1.5 
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ER 1.5 2 3 4 4.5 6   

 

Using all different combinations possible the following graphs were obtained showing 

the increase and decrease of the gasification products as well as changes in the 

temperature. 

 

 

 

Figure 4: Temperature of the reaction 
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Figure 5: Production of CO2 

 

 

Figure 6: Production of CO 
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Figure 7: Production of H2 

 

Figure 8: Production of CH4 
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Figure 4 shows the relation between the maximum temperature of the reaction and 

the increase of the air used during the process for different amounts of vapor used. It 

is noticeable that as the amount of air used decreases (ER increases) the temperature 

of the reaction decreases as well and, as the fraction of vapor increases the 

temperature decreases. 

Analyzing the reaction, the main products were CO2, CO, H2, and C (ash).  Figure 5 and 

figure 6 show the production of CO2 and CO respectively as the amounts of air and 

vapor changed. It is worth noticing that as the amount of CO2 increases, the amount of 

CO decreases. In the cases were there is more oxygen available the production of CO2 

also increases, the higher amount of oxygen allows for the carbon to be completely 

oxidized avoiding the production of CO which is highly pollutant.  

Production of H2 (Figure 7) increases with the reduction of air used, reaching its 

maximum at ER=4 for all of the SF used. The amount of CH4 becomes relevant at ER=4 

and increases there on as we can see in figure 8. 
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Thermogravimetric analyses 

The thermogravimetric analyses were performed by the Chemistry Department at 

Universidad de los Andes using the equipment NETZSCH 409 PC LUXX and the 

software Proteus. 

 

Experimental procedure and setup 

For the analyses to be performed the sample was first dried and grinded according to 

the ASTM standard E1757-01. 

- Dried at 318K for 48 hours. 

 - Grinded and sieved (particle size <80 mesh, <177μm) 

 -Dried at 318K for 5 hours. 

The following table summarizes the parameters of the analyses: 

 

Atmosphere N2 

Particle size <177μm 

Heating rates 20, 30, 40, 50 C/min 

Repetitions 2 

Amount of sample 100mg 

Table 6: Parameters for thermogravimetric analyses 
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The results of the TGA are shown on figure 10. As expected, during the first stage all 

the humidity is lost from the sample (below 275K), afterwards volatile matter exits 

the biomass (275K to 600K), and finally only ash remains.  

 

 

Figure 9: Results of the thermogravimetric analyses 

 

Some problems are noticeable, for example the curve that represents the analysis at 

50C/min reported at some point over a 100% of mass, which is not possible. Another 

problem is that the curves are not supposed to overlap and clearly the curve that 

represents the analysis at 40C/min crosses the over curves, this is better seen in 

figure 10which is an excerpt of figure 9. This curve was discarded.  
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Figure 10: Excerpt of TGA results 

Activation Energy 

The process previously described to calculate the activation energy was followed 

yielding the following results: 
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α 
 

Activation Energy (kJ/kmol) 

25% 7.16 130.24 

30% 6.59 119.87 

35% 6.31 114.78 

40% 5.24 95.32 

45% 4.12 74.94 

Table 7: Activation energy for different percentages of reacted sample 

 

On average, the activation energy is 107.02 kJ/kmol with a standard deviation of 21.9 

kJ/kmol. This activation energy is too low in comparison to other biomasses, for 

which the activation energy is around 200 kJ/kg. 
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Conclusions 
 

 The empirical formula that describes the sugarcane leaf top is obtained 

through thermal analyses: 

CH1.73O0.78N0.01 

 The formation enthalpy was calculated to be: 

 

 The heating capacity of the sugarcane leaf top is low relative to other 

biomasses. The very high production of sugarcane leaf top could be used to 

overcome this issue. 

 An increase in the equivalence ratio leads to an increase in the production of 

CO2, H2, and CH4, but decreases the production of CO. 

 The highest amount of hydrogen is produced using an equivalence ratio of 4-

4.5 and a steam to fuel ratio of 0.8-1 at which the reaction: 

o Has a combustion temperature of 850K-880K 

o Reduces the production of CO 

o Increases the production of CO2 

o Does not produce high amounts of CH4 

 Higher equivalence ratios should be avoided to prevent higher production of 

methane. 

 The activation energy is really low in comparison to other biomasses. Errors 

during the thermogravimetric analyses may be the source of the incongruence. 

It is highly recommended to repeat the TGAs in order to obtain a more accurate 
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activation energy and a better understanding of the behavior of the biomass 

during temperature changes.  
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Appendix A 
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Appendix B 
 
"Analysis Results" 
hum=8,94 "Humidity" 
ash=4,61 "Ash" 
vm=85,23 "Volatile matter" 
fc=1,21  "Fixed carbon" 
 
C_1=41,35  "Carbon as C" 
H_1=6,05  "Hidrogen as H" 
O_1=100-(C_1+H_1+N_1+hum) "Oxygen as O" 
N_1=0,58  "Nitrogen as N" 
S_1=0,3  "Sulfur as S" 
 
HHV_1=3828,71  "cal/g" 
 
"Dry Ash Free, Mass" 
C_2=C_1/(1-((hum+ash)/100)) 
H_2=H_1/(1-((hum+ash)/100)) 
O_2=O_1/(1-((hum+ash)/100)) 
N_2=N_1/(1-((hum+ash)/100)) 
S_2=S_1/(1-((hum+ash)/100)) 
HHV_2=HHV_1/(1-((hum+ash)/100)) 
 
HHV_3=HHV_2*4,184[kJ/kg] "kJ/kg" 
 
"Molar Mass" 
m_C=12,0107 
m_H=1,00794 
m_O=15,9994 
m_N=14,00674 
m_S=32,065 
 
"Moles of element" 
C_3=C_2/m_C 
H_3=H_2/m_H 
O_3=O_2/m_O 
N_3=N_2/m_N 
S_3=S_2/m_S 
 
"Moles of element per mole of DAF fuel" 
C=C_3/C_3 
H=H_3/C_3 
O=O_3/C_3 
N=N_3/C_3 
S=S_3/C_3 
 
"Molar mass" 
F=(C*m_C)+(H*m_H)+(O*m_O)+(N*m_N) 
HHV=HHV_3*F 
 
"Stoichiometric Reaction" 
"CHON+a(O_2+3.76N_2)=bCO_2+dH2O+gN_2" 
b=1 
d=H/2 
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a=(((b*2)+d)-O)/2 
g=a*3,76 
 
T1=298,15[K] 
P1=101,325 
 
"Enthalpies" 
"HHV=H_p-H_r" 
h_CO2=ENTHALPY(CO2;T=T1) 
h_H2O=-285830 
h_N2=ENTHALPY(N2;T=T1) 
h_O2=ENTHALPY(O2;T=T1) 
 
"Formation H" 
H_p=(b*h_CO2)+(d*h_H2O)+(g*h_N2) 
H_r=H_f+(a*h_O2)+(a*3,76*h_N2) 
HHV=H_r-H_p 
 
"Sim" 
"CHON+a(O_2+3.76N_2)+yH20" 
a_stoi=a*4,76 
a_act=a_c*4,76 
ER=a/a_c 
SF=y 
ER=4,5 
SF=0 
 
N_m=1+(a_c*4,76)+y 
h_mix=(H_f+(a_c*h_O2)+(a_c*3,76*h_N2)+(y*ENTHALPY(H2O;T=373,15)))/N_m 
M=(F+(28,84*a_c*4,76)+(y*(2*m_H+m_O)))/N_m 
h_CEA=h_mix/(M*R#) 
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