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1. INTRODUCTION. 

The need for alternative energy sources to replace fossil fuels is a consequence 
of the abuse h s resources, and even though it is 
personally considered that the decreasing availability and quality of these 
resources is an entropic inevitability, as the Second Law of Thermodynamics 
suggests, the use and research involving renewable and/or alternative, clean 
energies can slow th s degradation process. This search has lead humanity 
to discover and study new sources of energy such as solar, aeolian, geothermal, 
nuclear and hydraulic energy conversion, as well as from biological sources, 
biomass. However, the conservation of our planet depends on the effective use and 
distribution of these sources, even if they are accounted as renewable. 

Each country has its own energetic supplies and potential stock, and Colombia 
is definitely one of the richest involving hydrological and biological sources. One 
of the most important biological sources Colombia has is the Oil Palm, and its 
milling industry accounts for 9.4% of the world´s production [2]. An interesting 
aspect about this industry is the availability for natural energy sources that come 
from the same plant, as the oil extracted has many other uses rather than energetic. 
These sources, such as Empty Fruit Bunches (EFB), Fibers, and Shells from the 
bean, come from the parts of the plant which formerly would have been disposed 
and contaminate, but are now being converted into energy and other products, 
such as fertilizers. As mentioned, the effective use and distribution of the 
renewable sources is essential in order to be consistent with the idea of preserving 
our planet. This is why the concept of energy cogeneration [2] is so important in 
the industrial context, especially in the oil palm milling industry, as it has direct 
availability to waste and residual biomass to generate more than enough energy to 
function a milling plant. 

The purpose of the present work is to characterize chemically and energetically 
the oil palm empty fruit bunch is order to study its potential for energy generation 
under the gasification process, which can be said to be relatively more efficient 
than direct combustion, and definitely cleaner. This is done by determining its 
chemical structure, its heating value, and under chemical equilibrium simulations, 
determine the possible products under different conditions of the gasification 
process. An estimation of the kinetic parameters of the reaction by analyzing the 
results of a series of Thermogravimetric Analyses (TGA).   
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2. OBJECTIVES. 

2.1 General Objective. 

Estimate the gases produced by the gasification of the oil palm empty fruit 
bunch (EFB) using different oxidizing agents and calculate the constants involving 
the kinetics of the reaction by a thermogravimetric analysis (TGA) under various 
reaction heating rates. 

 

2.2 Specific Objectives. 

 Determine the main composition of the oil palm EFB using proximate and 
ultimate analyses. 

 Simulate the gasification reaction and estimate its products using 
engineering equation solver (EES) and chemical equilibrium analysis (CEA) 
programs. 

 Perform various TGAs in order to calculate the kinetic parameters of the 
reaction. 

 Compare the obtained results with other uses of the EFB in the palm oil 
milling industry based in the production of a Colombian milling plant. 
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3. LITERATURE REVIEW. 

3.1 Energy Overview and Biomass. 

As the world´s population grows, more people are in need of energy for 
their daily activities. In addition to this, technology and its development requires 
more energy in order to supply humanity with commodities. This implies a 
growth in the energy consumption levels, as the U.S. Energy Information 
Administration (EIA) statistics shown in Figure 1 (a) suggest [7]. However, this fact 
combined with the decreasing availability of fossil fuels in which humanity has 
depended on for a long time also suggests the need for new energy sources, which 
have fortunately been used increasingly.  

(a) (b) (c) 

Fig. 1. U.S. EIA Statistics regarding (a) World Marketed Energy Consumption, 
(b) World Marketed Energy Use by Fuel Type, and (c) World Renewable 

Electricity Generation y Source [7].  

According to Figure 1 (c), there is an expected increase in the use of 
renewable energies alternative to wind, geothermal, and hydroelectricity, and 
biomass is one of them. Biomass can be described as organic matter from any 
biological process, involving living organisms, which can be used as energy. 
Biomass can come from agricultural crops and its wastes, animal manure, wood, 
human wastes, among other sources, and it can be used to produce energy, fuels, 
or compost material. It can be divided in two major groups. Primary biomass is 
used directly in its natural state such as gardens, crops, and forests. Residual 
biomass is what is left after processing primary biomass, and it is mostly used to 
produce energy or compost material. 

Besides the shortage fossil fuel resources, and considering the controversial 
issues concerning global warming, even though it is not an established fact, recent 
climate changes and increasing pollution levels indicate the need of a more 
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responsible use and production of energy to prevent the emission of gases which 
can be harmful to earth´s atmosphere and environment, commonly called green 
house gases. The issue concerning biomass is its use for direct combustion, as it 
produces significant amounts of CO, CO2, SOX, and NOX which are considered as 
green house gases [14]. This suggests the need for thermal conversion processes of 
biomass to be cleaner and still effective, such as gasification. 

 

3.2 The Oil Palm Elaeis Guineensis. 

3.1.1 General Characteristics and History. 

The Oil Palm originated in Africa, whereas its alternative name, African 
Palm, and as a commercial crop it has a useful mean life between 24 to 28 years, 
depending on the planted material. In this lifetime, one palm can yield over 4.2 
tons of fresh fruit, as Figure 2. shows. This fruit is the main part taken from the 
plant, and its oil is the main product extracted from this plumb shaped fruit. 
Tropical weather is most favorable to their growth, as they need at least 5 hours of 
sun daily, plus temperatures between 22 and 32°C. It can grow as tall as their 
approximately 100 year natural life allows them to, approximately 1 or 2 feet per 
year, which by the end of their useful life, the fruit can´t be harvested and the palm 
has grown too tall [8]. 

 (a)   (b) 
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  (c) 

Fig. 2. Oil Palm Products (a) [24], Empty Fruit Bunches (b) [4], and Fruit 
Description (c) [12]. 

Its many nutrients and varied parts give the palm oil fruit bunches many 
uses. These uses not only include the oil produced from the fruit it gives, which 
constitutes 20% of the fruit bunch mass, but also processing of the nut, the peel and 
other parts of the fruit bunch into organic fuels, oils and chemical products.  

The origin of the oil palm can be traced to the coasts of the Guinea Gulf in 
Occidental Africa, from where it expanded along rivers, looking for favorable 
conditions. Its introduction to Tropical America was due to the Portuguese, who in 
the XVI century fed the African slaves with the fruit of the palm during 
transatlantic trips to Brazil, and the palm extended along the Brazilian coastline of 
the Salvador region. As for the Asian introduction it happened in Java in 1848, four 
palms with unknown origin started the largest known expansion of this crop [8]. 

The particular case of Colombia, now the fifth biggest export of the 
products, the palm was introduced by Florentino Claes who used them in public 
spaces for ornamental purposes in the Amazon region and in the department of 
Valle del Cauca. It was not until 1945, when the United Fruit Company established 
the first plantation in the banana zone within the department of Magdalena, with 
palms which came from Honduras. The growth of the palm oil industry has varied 
depending on the country it has been planted, mostly due to the support and 
guaranties each government has provided its investors [8]. 

Worldwide, around 30.45 Mt. of FFBs are produced, and Colombia produces 
around 3.24 Mt., being the world´s fifth producer, after Malaysia, Indonesia, 
Nigeria, and Thailand. Colombia´s productive area is 1610 km2, with 51 mills 
around the country and an average productivity of 4 tons per acre per year [2]. 
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3.2.2 The Palm Oil Milling Industry: Extraction Process, Products, and Facts. 

The palm oil milling industry basically focuses its activities in the 
production and classification of oils extracted from the pulp of the fruit Mesocarp, 
oils extracted from the internal Kernel or Almond, and a cake or palmist that 
remains after the oil extraction of these Almonds. The palm oil milling process 
consists of 8 steps, described in Table 1 and Figure 4 describes the mass balance 
and the products. 
 
Process Description 
Harvest, 
Transportation and 
Reception. 

The fresh fruit bunches most be transported to the benefit 
mill as soon as they mature (dropping a few fruits 
spontaneously), to avoid rising the Free Fatty Acids 
content which are potentially harmful to the oil´s quality. 

Sterilization. After reception, the fresh fruit bunches are put into wagons 
which go into a Sterilizer, where they are cooked by steam 
pressure. This process weakens the fibers joining fruits to 
the stalk, and temperature dehydrates the almond inside 
the nut, reducing its size and easing its further recovery. 

Stripping. Once sterilized, the fruit bunches are introduced into 
drums which roll and vibrate, releasing the fruits, and the 
empty fruit bunches are collected separately for further 
use. 

Digestion. The fruits are carried through vertical cylinders of low 
speed rotation called Digesters, which slightly squish and 
separate the pulp from the nuts and free some of the oil.  

Extraction. The digested pulp is carried through cylinder liners with 
holes, where the pulp is pressed, releasing the rest of the 
oil, and the oil free mass, known as cake, carried for further 
processing.     

Clarification. The extracted oil most be purified by a static decantation 
process to clear it from impurities such as sand, nut 
residues, sand, among others. Finally the oil is carried 
through a centrifuge and vacuum drying equipment so it 
can be stored in tanks.  

Stripping of the Cake 
and Nut Recovery. 

The Cake, which carries Nuts, Fibers, and Moisture, is 
dried. The fibers are recovered after being blown away by 
a controlled air current. The nut is collected to extract the 
Almonds or Palmist within. 

Palmistry. If the benefit mill has the required equipment, the Palmist 
Oil and Palmist Cake are produced by further treatment. 
Palmist Oil and Palm Oil have different traits and uses, 
while Palmist Cake is mainly used for animal feeding. The 
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fiber from the peels, Mesocarps, and Shells is used as fuel 
to feed the furnaces and generate energy for the plant.  

Table 1. Palm Oil Milling Process [21]. 
 
 

 
Fig. 3. Palm Oil Milling Consumption Products: Crude Palmist Oil (Right), 

Crude Palm Oil (Left), Palmistry (Up) [8]. 
 

 
The following chart shows the main products and stages of the production 

chain derived from the oil palm industry. The great variety of products is what 
makes this industry so profitable and versatile. 
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Primary Industrial 
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Complex Industrial 
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Fruit 

Crude Oil 

Palm Oil Consumable Oils 
Palm Olein Margarines 

Palm Stearine Frying Fats 
Fatty Acids Baking Fats 

  Candy Fats 
  Iced Cream Fats 

  Soaps 

Palmist 

Palmist Cake Animal Concentrated Food  
Palmist Oil Alcohols 

Palmist Olein Fuels 

Palmist Stearine Emulsifiers 
 

Table 2. Products of the Palm Oil Industry in Each Stage [8]. 
 

Some statistical facts are relevant when describing the palm oil industry, 
specially the economical ones and those referring to the energy production 
industry.  
 

 Palm Oil has the greatest oil production percentage with the least amount of 
planted area (4-5 tons/acre per year), compared to other vegetable oil 
sources such as sunflower, soybean and rapeseed [23].  

 
 Malaysia and Indonesia along account for more than half the world´s 

production of palm oil, 46 and 39% respectively [23].  
 

 Oil Palm, compared to soybean and rapeseed has more than 3 times more 
output energy and requires less inputs of chemical products and fossil fuels 
for the milling process, making it a highly profitable industry [23]. 

 
 In Malaysia, it is the second most valuable renewable energy source, after 

forest residues. Also, it can produce over 50 Million tons per year of biomass 
residues, from which a great deal are volatile solids [23]. 

 
 Out of 100 tons of processed fresh fruit bunch, 60 tons of palm oil mill 

effluent and 20 tons of empty fruit stalk are produced. In a milling plant 
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with an annual input of 160000 tons of fresh fruit bunch, the energy and 
biomass not used from the remaining parts (EFBs and Palm Oil Mill 
Effluents (POME)) represent a loss greater than 1.6 Million Euros per year 
for the conventional milling plant [16]. 

 

 

3.2.3 Empty Fruit Bunch and Other Residues: Characteristics and Uses. 

The oil palm fresh fruit bunch losses around 10% of its mass during 
sterilization, leaving 62-72% of fruits and 18-26% empty fruit bunches. The total 
amount of solid residues adds to 34.5-48% of the fresh fruit bunch´s total mass, 
being EFBs, Shells (5-7%), and Fibers (11,6-15%) the main recoveries [8]. 

 

Fig 4. Oil Palm Fresh Fruit Bunch Mass Balance. [8] 

Liquid and solid residues have different characteristics and uses. Currently, 
most mills use solid residues such as fibers and shells for direct combustion, due to 
their high energy values, but most liquid effluents and EFBs are thrown into waste 
disposal pools which are highly pollutant and are mosquito breeding areas. The 
direct combustion method is relatively good, as there is a continuous generation of 
energy, but the emission of Green House Gases such as NOX and SOX are very 
high, thus resulting in a polluting energy generation process. EFBs haven´t been 
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used for direct combustion due to the resulting moisture after sterilization and its 
high alkali content. However, Palm Oil Milling Effluent (POME) such as liquid 
residues and EFBs are currently being transformed into fertilizers for the crops as 
compost material. Research done by Ling-Oak and Miranda [15] have suggested 
designs of composting processes for the production of fertilizers without waste. 
However, compost material has been proven to eventually damage the land and 
nearby water supplies, as well as generating NH3, which is considered an air 
pollutant.  

Until recently, some studies have been done around the possibility of gasifying 
solid products such as the shells [12]. Fibers and shells can be easily introduced 
into gasification processes, as they need no further processing other than drying 
after being removed from the oil producing stages. However, EFBs need to be 
reduced in size and dried before being gasified, which adds an energy input to the 
process. 

 The ultimate goal of the mentioned processes is to dispose of the milling 
wastes in a responsible and efficient manner, plus increasing the cogenerating 
characteristics of mills. Low research has been done to provide cogeneration 
literature involving gasification processes, and therefore it is imperative to 
characterize all kinds of biomass available in this context.   

 

3.3 Chemical and Thermal Analyses. 

In order to engineer different thermal processes for the responsible use of 
biomass, the material must be characterized chemically and energetically. The 
kinetics involving any reaction of biomass must be studied in order to estimate 
certain parameters for further use in reactor designs. 

 

3.3.1 Proximate and Ultimate Analyses. 

Chemical and energetic characterization of biomass returns information 
regarding its main composition, and potential energetic values. ASTM E 1757 
Standard [3] suggest three different preparation methods for biomass 
compositional analyses, depending on the structure and quantity of the analyzed 
material. 
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Proximate analyses are used to determine biomass characteristics such as 
moisture, volatile mass, ash, and fixed carbon content, as well as heating values. 
Ultimate analyses yield results regarding the chemical composition in mass 
percentage of the biomass, which mainly consists of Carbon, Hydrogen, Oxygen, 
Nitrogen, and Sulfur. The heating value given is the Higher Heating Value (HHV), 
which can be defined as the heat form energy generated from the complete 
combustion of the substance at constant volume and standard conditions. 

  

3.3.2 Thermogravimetry. 

Thermogravimetry can be defined as the study and recording of sample 
mass loss with changes in temperature [6]. The general procedure for 
Thermogravimetric Analyses (TGAs) is regulated by the ASTM E 1641 Standard 
[3], and the standard terminology can be found in the ASTM E 473 Standard [3]. 
Instrumentation and the schematic experimental setup for TGA is shown in Figure 
5. 

 

Fig. 5. Schematic Thermobalance and TGA Setup [6]. 
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The procedure for these analyses is done in thermobalances equipped with a 
furnace with a controlled heating device, thermocouples to measure instant 
temperatures, and small refractory crucibles to hold the sample. Furnaces are able 
to heat until approximately 1600 °C, and heating rates can vary from fractions to a 
100 °C per minute. During heating, depending on the carrier gas being used, a 
chemical reaction may occur between the gas and the sample, therefore for 
biomass sample, an inert atmosphere such as Argon, Helium or Nitrogen is 
recommended [6].  

The temperature control system consists of two thermocouples. The first one 
controls the heating rate, which cannot be greater than a certain value in order to 
avoid temperature gradients along the sample. This system records the 
temperature inside the furnace and reports it to the data capture program. The 
second thermocouple measures the temperature of the furnace in order to maintain 
control over the circuits. Both thermocouples are made of Platinum  Rhodium 
alloy [13]. 

In order to avoid diffusion and temperature gradient effects due to structural 
differences in the solid, such as porosity and defects, particle sizes of the sample 
must be maintained to a certain maximum. Also, the sample size must be from 5 to 
25 mg to avoid temperature gradients in the sample during heating [13]. 

Crucibles are picked according to the atmosphere being used in the TGA. If the 
atmosphere is oxidizing, Alumina or Silicon crucibles must be used in order avoid 
oxidation of the material. For inert atmospheres, there is a wider range of materials 
available, but these must maintain a controlled heat transfer, as well as a structural 
integrity.   

 

3.3.3 Reaction Kinetics. 

The kinetic characteristics of a reaction relate the speed of the reaction with 
external values such as temperature, pressure, reactant phases and their 
concentrations. As combustion reactions have many intermediate products, the 
mechanism regulating the reaction is hard t Hoff 
and Svante Arrhenius in the late 1880´s derived an equation relating the rate of 
reaction with its temperature dependence [19]. 

Combustion reactions can be generalized by the following equation. 
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+ +  

As the apparition rate (r´) of the products is equal to the elimination of 
reactants (r). 

´ = ´[ ] [ ]     

=     

= ´[ ] [ ]     

Defining a product to reactant ratio, Van t Hoff s equation can be 
constructed. 

=
´

=
 
       

=
2
 

 is the reaction energy and R the gas constant. The Arrhenius Equation is 
obtained by integrating the shown expression.   

=  

Where A is a pre-exponential factor known as a Frequency Factor relating 
the molecule collisions with the orientations among other parameters given by the 
integral, and is the activation energy of the reaction, which is the necessary 
energy for the reactants to complete the reaction [6], usually denoted with E. 

 

3.3.4 Solid State Kinetics. 

During a mass decomposition process, combustion between a gas and a 
solid is a difficult process to analyze, as diffusion mechanisms act to develop the 
reaction, but the solid state and concentration gradients restrict the freedom 
molecules have to move, thus slowing the process. This implies that the 
concentration of the reactant is replaced for another parameter, the mass fraction of 
reacted fuel, . The dynamic kinetic study involves the measurement  as a 

independent variable. Dynamic kinetic analyses involves the attempt to relate the 
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for various mechanisms called conversion functions. These functions can be written 
in integral form of differential forms. 

= ,    . 

= ,     

k is a reaction constant described by the Arrhenius equation. The reaction 
can be regulated by more than 20 mechanisms , some described in 
Table 3. Some of the most common mechanisms are nucleation or starting point, 
nuclei growth (crystal geometry dependent), interface growth (dimension use 
dependent), and diffusion (crystalline structure and geometry dependent). Figure 6 
shows the behavior of each model in time.  

Reaction Mechanism Integral Conversion 
Function g( ) 

Differential Conversion 
Function f( ) 

Sigmoid  time curves.   
A2. Avrami - Erofeev [-ln(1- 1/2 2(1- -ln(1- 1/2 

A3. Avrami  Erofeev [-ln(1- 1/3 3(1- -ln(1- 2/3 

A4. Avrami  Erofeev [-ln(1- 1/4 4(1- -ln(1- 3/4 

An. Avrami - Erofeev [-ln(1- 1/n n(1- -ln(1- (n-1)/n 

B1. Prout Tompkins -  -  

 time curves.   
Geometrical Models.   
R2. Contracting Area 1  (1- 1/2 2(1- 1/2 

R3. Contracting Volume 1  (1- 1/3 3(1- 2/3 

   
F0. Zero Order  1 
F1. First Order -ln(1-  1-  
F2. Second Order [1/(1- -1 (1- 2 

F3. Third Order [1/(1- 2]-1 (1- 3 

Table 3. Important Models Used in Kinetic Analyses of Solid State Reactions [6]. 
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Fig. 6. Typical Conversion Function g( ) Curves [6]. 

Figure 6 (a) shows typical curves where solid reactants decompose 
according to a sigmoid model. First there is a mass loss due to the liberation of 
trapped gases, residual moisture and impurities (0  20% time evolution). Just 
before the semi linear part of the curve, the reaction starts and an accelerating 
process begins with the formation of nuclei. The steep zone correspond to the 
maximum reaction rate, where active sites react, releasing the volatile fraction of 
the sample (20  80% time evolution). Finally, the reaction is near completion and 
only residual solids are left (fixed carbon and ash for biomass). 

Avrami - Erofeev mechanisms describe the process and the nucleation rate. 
Surface reaction mechanisms described by Geometrical models assume solid 
particles to be cylinders of significant length relative to their radius and that the 
mass loss will be important longitudinally rather than along the radial axis. First 
order reaction model assume the initial rate to be maximum, not considering the 
liberation of gases and impurities [6]. 

 

3.3.5 Reaction Kinetic Parameters Estimation. 

The experimental curves of mass decomposition as a function of 
temperature allow for the estimation of the Arrhenius equation parameters (A, and 
E), thus the equation must be reduced as a function of the mentioned variables. To 
do this, the Isoconversional Method for non-isothermal combustion proposed by 
Ozawa, Flynn, Wall and Doyle [5] [9] [18] is used, which considers an 
approximation for the dynamical model with a constant heating rate 
a transformation from time to temperature dominion. 



Gasification Study of the Oil Palm Elaeis Guineensis Jaqc. Fruit Bunch via Thermogravimetric Analysis.  

Daniel Gutiérrez Barragán 

= ( ) 

= ( ) 

Then the integral form is calculated in order to obtain a linear form of the 
equation. 

=
0

=
0

=  

ln = ln ln + ln  

The Isoconversional Model proposes and approximation for values of E/RT 
ranging from 20 to 60, resulting in an equation dependent on known variables and 
the chosen conversion model. All unit must be standard in order to be consistent 
with the value of R = 8.3145 kJ/kmolK. 

. .  

= . .  

After calculating E by deriving F( ), and choosing an appropriate 
conversion model, the pre-exponential factor A can be estimated by graphing the 
chosen model ln(g( )) vs 1000/T, in which the values of dependent variable axis 
crossing is equal to ln(AE/ R)  5.331. 

0 = 1.052  

ln

1
=

1.052
 

= .  

This is the first iteration of the energy estimation. ASTM E 1641 [3] 
procedure suggests iterating by reevaluating the constant expression -1.052(E/R). 
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3.4 Gasification Processes. 

Combustion processes can be divided in three, all of them able to directly 
convert biomass into energy: Complete Combustion, Pyrolysis, Liquefaction, and 
Gasification. Gasification is a process in which solid fuels are heated to break 
particles into combustible gases. The difference between gasification and biogas 
production is that this last one uses wet organic feedstock and the mechanism used 
is microbiological action [10]. Depending on the addition reactant input besides 
fuel, gasification processes can be divided in: Pyrolytic Gasification, Partial 
Oxidizing, and Reforming, all of them yielding the same products in different 
amounts. Pyrolytic gasification is done in absence of any oxidizing agent at 
temperatures around 800°C. Partial oxidation is generally exothermic, and certain 
part of the reactor can reach extremely high temperatures (~1650°C), by adding 
either air or pure oxygen to the reactant input in other to generate other products. 
Reforming considers the addition of air, steam, or both to the reactant input in 
order to generate a wider variety of product, depending on the quantities added. 
The versatility of Reforming is that the product type quantity can be controlled by 
the addition of either more steam or more air, and the process can operate at 
relatively low temperatures (700  800°C) [13]. 

Different from pure carbon reforming gasification, biomass is more reactive, 
which means it requires lower operating temperatures for the reaction to take 
place, thus reducing the needed energy input [14]. During biomass gasification, 
many reactions take place depending on the conditions in each zone of the reactor. 
Most of these reactions are exothermic ( HR < 0, release energy), other 
endothermic ( HR > 0, require energy). Table 4 shows the main reactions, their 
type, and the domain in which they are more likely to occur over others depending 
on the availability of oxygen. 

 Reaction Equation Reaction 
Enthalpy HR  

(kJ/kg) 

Type Domain 

1 + 2 2 -32765 Exothermic Low 
Temperatures 
(T < 800 °C) 

2 
+

1

2
2  

-9205 Exothermic High and 
Medium 

Temperatures 
3 + 2 2  14360 Endothermic Gasification 
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4 
+

1

2
2 2 

-10105 Exothermic  

5 + 2 + 2 10930 Endothermic Gasification 
6 + 2 2 + 2 -1470 Exothermic  
7 + 2 2 4 -6230 Exothermic Gasification 

Table 4. Main Reactions During Gasification [13] [11] [1]. 
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4. OIL PALM EMPTY FRUIT BUNCH 
CHARACTERIZATION. 

The studied EFBs are from the oil palm plantation, located in the San Martin 
Township of the Cesar Department, Colombia. These are extracted from the 
milling process done in the AGROINCE mill. 

  

4.1 Proximate and Ultimate Analyses. 

The basic characterization of the oil palm empty fruit bunches was done 
analyzing data provided by the proximate and ultimate analyses performed at the 
Carbon Laboratories of the Colombian Institute of Geology and Mining 
(INGEOMINAS). These analyses were performed under the ASTM Standards D: 
2013-07, 3173-87(96), 3174-04(07), 3175-07(07), 4239-05(07), 5373-07(07) y 5865-04 
[12]. The received report included the following data. 

Proximate Analysis 
Component Value 

Moisture (mass %) 4.59 
Ash (mass %) 5.96 
Fixed Carbon (mass %) 17.36 
Volatile Matter (mass %) 72.09 
High Heating Value - HHV (kJ/kg) 16442 

Table 5. Proximate Analysis Results. 

As biomass needs to be treated excluding its moisture and ash content in 
order to be compared with other biomasses, the results of the ultimate analyses 
where transformed by dividing each values by the moisture and ash free total (Dry 
Ash Free  DAF) and then given in a molar basis by multiplying the value of each 
element by its molar mass.  

Ultimate Analysis 
Element Molar Mass 

(kg/kmol) 
Mass Percentage Dry Ash Free 

Molar Basis 
Carbon 12 46.360 4.31 
Hydrogen 1.008 6.060 6.72 
Oxygen 16 0.800 0.064 
Nitrogen 14 46.780 2.531 

Table 6. Ultimate Analysis Results. 
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From the ultimate analysis results, the normalized (dividing by the carbon 
moles) empirical formula was determined, as well as the molar mass of the 
biomass. 

. . . ,    . 

 = = . . 

 

4.2 Heating Value Analysis. 

The heating value was also transformed into a dry ash free basis in order to 
calculate the enthalpy of formation of the empty fruit bunch. 

=
1 (% + %

=
16442

1 0.0459 0.0596
= 18381.22  

  = .   

 Compared to other Biomasses, the EFB contains a relatively high energetic 
value, as table 7 shows. 

Biomass 
HHV DAF 

(Btu/lb) 
HHV DAF 

(kJ/kg) 
Oil Palm EFB 8711.5 18381.2 

Rice Peel 8510 17956.1 
Sugar Bagasse 8149 17194.4 

Switchgrass 8233 17350.5 
Monterey Pine 8422 17770.4 
Dairy Biomass 10181 21481.9 

Coffee Bean 
Peel 

8563 18067.9 

Table 7. High Heating Values (DAF) of Some Biomasses [25]. 

 

4.3 Chemical Equilibrium Simulations. 

Using Engineering Equation Solver (EES) and Chemical Equilibrium with 

Applications (CEA) software, the gasification reaction was simulated under 
different air and steam inputs in order to model partial oxidizing and reforming 
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processes. The only difference between these two processes in the models is the 
absence of vapor during partial oxidizing. The variables defining the reaction are 
the Equivalence Ratio (ER) and the Steam to Fuel Ratio (SFR), which are defined as 
follows. 

=
 

 
 

=
 

 
 

 

4.3.1 Atom Balance Model and Energy Conservation Results. 

First a stechiometric reaction was modeled in order to obtain the 
stechiometric quantity of air needed for a complete combustion reaction. Then the 
energy conservation equation is defined. Finally, the air-steam reforming reaction 
equation is modeled [1]. Using EES and the following parameters, the reactions 
where simulated and the heat of formation calculated. 

Reactant (R) or Product 
(P) 

Input Temperature (K) Formation Enthalpy 
(kJ/kmol) 

Empty Fruit Bunch (R) 298.15 ? 
Air (R) 298.15 8644 
Nitrogen (R) 298.15 -4376 
Steam (R) 373.15 -241825 
Liquid Water (P) ? -285830 
Carbon Dioxide (P) ? -393526 

Table 8. EES Simulation Parameters. 

 The following input quantities were simulated. 

Equivalence Ratio Steam to Fuel Ratio Gasification Process 

1.5  3  4.5 - 6 

0 Partial Oxidizing 
0.2 Air  Steam Reforming 
0.4 Air  Steam Reforming 
0.6 Air  Steam Reforming 
0.8 Air  Steam Reforming 

Table 9. Air and Steam Input Quantities (CEA). 
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Stechiometric Reaction. 

. . . + + . + +  

 Energy Conservation (h is the formation enthalpy). 

 =  

 , + + ( ) ( =

( )  

 Air-Steam Reforming Reaction. 

. . . + + . +

+ + + +  +. ..  

 The reaction may include other products, but only the significant ones are 
considered in the reaction. From this, the input parameters may be redefined as 
follows. 

=  

=  

The main results were the formation enthalpy of the biomass (EFB), and the 
formation enthalpy of the mixture, depending on the input values. 

=  /  

 

4.3.2 Chemical Equilibrium Analyses. 

Using the CEA software provided by NASA, which can estimate over 150 
species resulting from adiabatic gasification, the reactions were simulated with the 
air and steam input quantities mentioned in the previous section. The results of 
temperature and products in dry basis are the following. 
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Fig. 7. Reaction Temperatures (CEA). 

The temperature profile shows that as the Equivalence and Steam to Fuel 
Ratios increase, there is a reduction in temperature for the studied scenarios. This 
is due to the fact that as ER grows, there is less air available for the reactants. 
Higher ERs were not considered as after ER = 6, the temperature drop is drastic 
and liquefaction processes intervene [1].  

As in most biomasses with low ash content, the main predicted products 
were effectively CH4, CO, CO2, and H2.The following graphs show the products 
obtained in Partial Oxidizing and Air-Steam Reforming simulations. Results 
suggest that at high temperatures (1550 K< T < 1800 K), no methane is produced, 
and the addition of steam does not activate its production. Regarding CO and H2, 
the addition of steam reduces the harmful CO, while increasing the production of 
clean combustible H2 at medium temperatures (750 K < T < 930 K). 
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Fig. 8. Estimated Products Obtained From Partial Oxidizing (SFR = 0), and Air-
Steam Reforming (CEA). 

The most important products produced in each studied scenario are shown 
in the following graphs. Ash and fixed carbon products were too low in every 
simulation to be considered as significant. 
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Fig. 9. Estimated Hydrogen Production (CEA).  

 

 

Fig. 10. Estimated Methane Production (CEA).  

 

 

Fig. 11. Estimated Carbon Monoxide Production (CEA).  
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Fig. 12. Estimated Carbon Dioxide Production (CEA).  

These results show that H2 production reaches its maximum values of ER near 
3, and increase as more steam is added. However CO also reaches its maximum 
values near ER = 3 and decreases as steam is added, while CH4 increases rapidly 
with ER and with steam addition. Results suggest that Air-Steam Reforming 
compared to Partial Oxidizing, generate higher quantities of clean energetic gases, 
but also some harmful products. Based on the graphs, the recommended process 
would be Reforming with ranging parameters: 3 < ER < 4.5 and 0.4 < SFR < 0.6, 
depending on the importance of reducing either CO, or CH4. 
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5. THERMOGRAVIMETRIC ANALYSES: OIL PALM 
EMPTY FRUIT BUNCH. 

In order to characterize the reaction of the studied biomass, a TGA procedure 
was done. 

 

5.1    Expertimental Setup and Procedure. 

In order to perform TGA, biomass samples must be prepared as follow [3] [12]: 

 Preliminary Drying: 5 hours at T = 323 K. 
 Grinding: Until particle size reaches ~ 0.5 mm. 
 Sieving: To filter particles of desired particle size. 
 Final Drying: 5 hours at T = 323 K.  

The TGAs were performed at the Universidad de los Andes Chemistry 
Department and the used equipment was a NETZSCH STA 409 PC/PG 
thermobalance. The used crucible was a DTA/DG Al2O3 Crucible of 
approximate mass of 19.9 mg. This equipment is capable of heating from 0.01 
°C/min up to 50 °C/min, and can reach temperatures near 1920 K, while 
measuring up to 0.00002% resolution. The following table describes the 
parameters used for the analyses. 

TGA Parameters 
Atmosphere Inert: N2 

Final Temperature 1273 K 
Heating Rates 10, 20, 40, 50 °C/min 
Particle Size < 450 m 
Sample Mass < 100 mg 
Replicas 2 for each heating rate 

Table 10. TGA Parameters. 
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Fig. 13. Thermobalance NETZSCH STA 409 PC/PG [17]. 

 

5.2 Results.  

The following graph shows the experimental results of the TGA for each 
studied heating rate. At first there is a loss of residual humidity, trapped gases, 
and other impurities (273 K < T < 500 K). Then pyrolysis occurs, liberating all the 
volatile matter (500 K < T < 800 K). Finally, only residual ash and fixed carbon is 
left (800 < T). 

 

Fig. 14. TGA Results. 
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5.2.1 Activation Energy Calculation.  

The pyrolysis study was done in the semi linear domain of the experiment, where 
volatile matter is lost. The effective pyrolysis zone was determined visually where 
the mass loss is constant with temperature rise which is from 70% to 55% 
remaining mass ( ={0.3, 0.35, 0.4, 0.45}). By using the models described for 
pyrolysis in section 3.3.2  3.3.5, a linear regression was made for each observed 
by means of the Least Square Method. The results are as follows. 

 

Fig. 15. Activation Energy Model. 

 

Data \  0,3 0,35 0,4 0,45 
Slope -24,040 -27,980 -27,520 -25,390 
Intercept 44,650 50,890 49,570 45,470 
E (kJ/mol) 190,001 221,140 217,505 200,670 
R^2 0,903 0,935 0,948 0,913 
E average 
(kJ/mol) 

207,329 

Std. Deviation 14,594 
Table 11. Activation Energy Calculations. 

Compared to other biomasses studied by the same procedures, oil palm EFB 
has the lowest, meaning it requires less energy input to activate and complete the 
pyrolysis reaction. 
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Biomass 
Activation Energy 

(kJ/mol) 
Oil Palm EFB 207.33 
Rice Peel 233.23 
Sugar Cane Bagaze 266.11 
Coffee Bean Peel 220.99 

Table 12. Activation Energy of Some Biomasses. 

 

5.2.2 Pre-exponential Factor Calculation. 

In order to determine the pre-exponential factor A, a conversion function 
must be chosen. As there is no diffusion, the following models where used under 
the assumptions made by the description of each function. A test of determination 
coefficient (R2) was made to ensure every model gave a reasonable linear 
approximation, as the next graph shows. After verifying this, each model was 
graphed for the studied heating rates, and the pre-exponential factor calculated.  

 

Fig. 16. Conversion Function Model Linearity Verification. 
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Fig. 17. Pre-exponential Factor Results for Each Studied Model. 

 

Model 
Heating Rate 

(K/min) 
b LnA Average(LnA) 

A1 

10 7,271 6,357 

6,942 
20 6,378 6,157 
30 7,873 8,058 
50 6,499 7,195 

F2 

10 14,54 13,626 

14,013 
20 12,75 12,529 
40 15,74 16,213 
50 12,99 13,686 

R2 

10 12,02 11,106 

11,548 
20 10,43 10,209 
40 13,08 13,553 
50 10,63 11,326 

Table 13. Results of the Linear Regressions and Ln(A) Calculations.  
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6. CONCLUSIONS. 

This thesis project had three main objectives: Characterize chemically and 
energetically the Oil Palm´s Empty Fruit Bunch, determine its kinetic parameters 
for the pyrolysis reaction, and draw conclusions towards its potential use in 
gasification processes. The first two are directed towards a contribution to the 
biomass properties literature, and the last one directed to raise awareness on the 
importance of using clean and available energy sources and the reconstruction of 
industrial procedures by means of cogeneration plants. The following conclusion 
can be drawn from this study. 

 Proximate and Ultimate analyses show that the Oil Palm EFB has relatively 
high energy values. These studies permitted the calculation of its empirical 
formulae: 

. . .  
 

 The calculation of its Formation Enthalpy under gasification reactions:  
=  /  

 
 Its relatively high HHV (DAF) = 18381.22 kJ/kg, and its low ash and 

moisture content suggest EFB is a very good alternative for any thermal 
transformation process. This value has been modeled by various authors, 
but the closest models to the experimental values obtained where models by 
the following [22]. All of these models take each component (C, H, N, O, 
Ash, VM, FC) in a dry basis. 
 

Author Model 
HHV DAF 

(MJ/kg) 
Relative 
Error (%) 

Jimennez and 
Gonzalez 

-10.81408 + 0.3133(VM + FC) 18.5588 0.00966 

Cheng and 
Azevedo 

19.914  0.2324*Ash 18.4623 0.00441 

Cheng and 
Azevedo 

-3.0368 + 0.2218¨VM + 0.2601*FC 18.4546 0.00389 

Table 14. Most Accurate Models for EFB HHV DAF Estimations [22]. 

 
 Studying various scenarios involving the gasification of the EFB by means 

of Partial Oxidizing and Air  Steam Reforming suggest that the optimum 
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production of clean energetic H2 gas, lowering quantities of CO and CH4 
respond to operation reforming conditions of Equivalence Ratios from 3 to 
4.5, and Steam to Fuel Ratios from 0.4 to 0.6. These parameters yield 
products around operating temperatures ranging from 750 K to 950 K. 
 

 Thermogravimetric Analyses show that EFB has a relatively low activation 
energy compared to other biomasses analyzed by the same method. Mass 
lost for the studied heating rates vary from 70% to 80%. This range includes 
the mass percentage of Volatile Matter obtained in the proximate analysis 
(72.09%) which suggests that results are consistent. The high percentage of 
residual mass in high heating rate experiments can be explained in terms of 
the volatile matter no having enough time to react, thus staying in the 
crucible. 
 

 The non-isothermal TGA data was analyzed with the Isoconvertional 
Method to describe pyrolysis in the Arrhenius Equation developed by 
Ozawa, Flynn, Wall, and Doyle. Results give an average activation energy 
value of 207.33 kJ/mol. Considering the pre-exponential factor of the 
Arrhenius equation, its value depends on the conversion function used. In 
this study, three conversion models are considered, due to their physical 
assumptions. 
 

 Regarding the average energetic and economic aspects of palm oil milling 
plants, a visit was made to the benefit plant of AGROINCE in San Martin at 
the Cesar Department (Colombia), where the milling process was observed. 
Data regarding the production and milling of FFBs was gathered at the mill 
by the plant inspector engineer according to the production history of the 
plant. 

Production and Expenses 
Energy 

(kW/ton FFB) 
Production 

(tons 
FFB/hour) 

Energy Cost 
(Colombian 
Pesos/kW) 

Milling Cost 
(Colombian 
Pesos/hour) 

21 22 324 149688 
Table 15. Production Costs of AGROINCE Palm Oil Milling Plant. 

These values show that if 22 tons of FFB are processed per hour, then 
approximately 4.4 tons of EFBs are left. Usually these EFBs are used for 
fertilizers by composting. The plant has a cogeneration percentage of 
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around 70% using fibers and shells for direct combustion. The problem with 
direct combustion is the pollution in causes, and these solid residues release 
significant quantities of ash, resulting in an unclean process. If all of the 
solid residues were to be studied for gasification and all its parameters 
determined, a general gasifier can be designed to transform this biomass by 
means of air-steam reforming. Even though an exact calculation of the 
potential cogeneration percentage that could be reached by this method, 
there is a certainty that much more clean energy production can be 
produced without any waste. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Gasification Study of the Oil Palm Elaeis Guineensis Jaqc. Fruit Bunch via Thermogravimetric Analysis.  

Daniel Gutiérrez Barragán 

BIBLIOGRAPHY AND REFERENCES. 

 

[1] Annamalai, K., & al, e. (2007). Combustion Science and Engineering. Boca 
Raton, FL, USA: CRC Press/Taylor and Francis. 

[2] Arrieta F.R.P, e. a. (2007). Cogeneration Potential in the Columbian palm oil 
industry: Three case studies. Elsevier - Biomass & Bioenergy. , 1-9. 

[3] ASTM International. American Society for Testing and Materials. Retrieved 02 
01, 2010, from www.astm.org 

[4] Cycle, Earth. (2010, 05 07). All About Eco-Responsable Packaging. Retrieved 05 
20, 2010, from http://earthcycle.com/blog/ 

[5] Doyle, C. (1961). Kinetic Analysis of Thermogravimetric Data. Journal of 

Applied Polymer Science.  

[6] Brown, M. (2001). Introduction to Thermal Analysis: Techniques and Applications 

2nd Ed. Dordrecht, The Netherlands: Kluwer Academic Publichers. 

[7] E.I.A., U. (2007). U.S. Energy Informmation Administration. Retrieved 05 1, 
2010, from http://www.eia.doe.gov/oiaf/ieo/graphic_data_world.html 

[8] Fedepalma, Bernal F. (2001). El Cultivo de la Palma de Aceite y su Beneficio: 

Guía General para el Nuevo Palmicultor. Bogotá, D.C., Colombia: Fedepalma, 
Cenipalma. 

[9] Flynn, J., & Wall, L. (1966). A quick, direct method for the determination of 
activation. Polymer Letter . 

[10] Foley, G., & al., e. (1983). Biomass Gasification in Developing Countries. 
London, UK: IIED . 

[11] Gordillo, G., Annamalai, K., & Carlin, N. (2009). Adiabatic fixed-bed 
gasification of coal, dairy biomass, and feedlot biomass using an air-steam 
mixture as an oxidizing agent. Renewable Energy , 1-9. 

[12] Guo J., e. a. (2001). Kinetic study on pyrolytic process of oil-palm solid waste 
using two-step consecutive reaction model. Pergamon - Biomass & Bioenergy , 
1-11. 



Gasification Study of the Oil Palm Elaeis Guineensis Jaqc. Fruit Bunch via Thermogravimetric Analysis.  

Daniel Gutiérrez Barragán 

[12] INGEOMINAS. (n.d.). Instituto Colombiano de Geología y Minería. Retrieved 
02 01, 2010, from http://www.ingeominas.gov.co/ 

[13] Klass, D. (1998). Biomass for renewable energy, fuels, and chemicals. San Diego, 
CA, USA: Academic Press. 

[14] Lee S., e. a. (2007). Handbook of Alternative Fuel Technologies. Boca Raton, FL: 
CRC Press. 

[15] Ling-Hoak O., e. a. (2007). Turning POME and EFB into Organic Fertilizaer 
without Waste and Discharge. Revista Palmas Vol. 28. , 180-190. 

[16] Miranda H., e. a. (2007). Sustainable Waste Water (POME) and Waste (EFB) 
Management in Palm Oil Mills by a New Process. Revista Palmas, Vol. 28. , 
191-196. 

[17] NETZSCH. (n.d.). Retrieved 05 20, 2010, from http://www.netzsch-thermal-
analysis.com/en/products/simultaneous-thermal-analysis/ 

[18] Ozawa, T. (1965). A new method for analyzing thermogravimetric data. Bull 

Chem. Soc.  

[19] Houston P.L. (2001). Chemical Kinetics and Reaction Dynamics. Boston, MA, 
USA: McGraw-Hill. 

[21] Palm Oil Research Institute of Malaysia. (1985). Palm Oil Factory Process 

Handbook Part 1: General Description of the Palm Oil Milling Process. Kuala 
Lumpur, Malaysia: Palm Oil Research Institute of Malaysia. 

[22] Sheng, C., & al, e. (2005). Estimating the higher heating value of biomass 
fuels from basic analysis data. Elsevier - Biomass & Bioenergy , 3. 

[23] Sumathi S., e. a. (2008). Utilization of oil palm as a source of renewable 
energy in Malaysia. Elsevier - Renewable and Sustainable Energy Reviews. , 1-18. 

[24] United States Department of Agriculture. (2007, 12 31). Foreign Agricultural 

Service. Retrieved 05 01, 2010, from 
http://www.pecad.fas.usda.gov/highlights/2007/12/Indonesia_palmoil/ 

[25] USDE. (n.d.). United States Department of Energy. Retrieved 05 20, 2010, from 
http://bioenergy.ornl.gov/papers/misc/energy_conv.html 

 


