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Abstract- Olive oil industry in the northern of Saudi Arabia generates huge amount of wastes which would affect on environment 

if not properly disposed. In this work, the suitability of olive wastes for thermochemical conversion was studied experimentally. 

The study includes an investigation of the physical, combustion, elemental and kinetic characteristics of olive wastes. Three 

samples from Domat Al-Jandal-KSA (29°48′41″N 39°52′06″E) and Elgrayat-KSA (31°19′N 037°22′E) were collected and 

investigated experimentally. For kinetic investigation, Kissinger and the distributed activation energy model (DAEM) were 

implemented where 5, 10, 30, 50 K/Min heating rates were used. The lower calorific value for Domat Al-Jandal samples was 

found to be 24152.5.2kJ/kg while for Elgrayat samples were found to be 13386kJ/kg and 12568.5kJ/kg, respectively. The 

elemental investigation for the samples showed higher carbon and hydrogen content for Domat Al-Jandal sample with 50% and 

8%, respectively. Based on Kissinger model the activation energy for Domat Al-Jandal sample were found to be 168.502kJ/mol 

while for Elgrayat samples it was ranging from 122.755 to 135.736kJ/mol. On the other hand, the pre-exponential factor values 

were within the range of of 1.125 × 103 to3.954 × 1013. In general, the collected results showed that Domat Al-Jandal olive 

wastes have a higher potential to undergo thermochemical conversion as compared with Elgrayat wastes. 

Keywords Biomass energy, olive wastes, TGA, kinetic study, thermochemical conversion. 

 

1. Introduction 

With the increase of global awareness on energy 

problems, renewed attention was given to use of biomass 

wastes as a promising resources [1, 2]. Olive plantation and 

olive oil industry is a key economical, industrial and social 

factor in many countries such as Mediterranean countries [1, 

3, 4]. The northern regions of the kingdom of Saudi Arabia 

(KSA) are known with olive industry where most of available 

lands were used for olive cultivation [5-9].  The growing 

interest in cultivation of olive by private sector was affected 

in increasing of the production olive oil in the country where 

the production of olive oil was 3000 MT in 2013 [10]. 

Generally, the production process of olive oil from olive fruits 

is associated with huge amounts of wastes that would affect 

negatively on environment unless it disposed properly [1, 3, 4, 

7, 11-13].  

Biomass can be converted into useful fuel by 

implementation of different techniques including biochemical 

and thermochemical techniques [14-19]. Thermochemical 

energy conversion is a suitable way to convert solid biomass 

wastes into different types of fuels including solid, liquid and 

gas fuels[4, 15, 20-22]. In addition, thermochemical energy 

conversion processes provide many advantages including 

volume and mass reduction of the disposed biomass materials, 

reduction of pollutants and its high energy recovery potential 

[15, 20, 23, 24]. The utilization of these wastes in energy 

production would affect positively on the environmental and 

enhances the sustainable use of the limited energy resources 

[3, 7].  Although the availability of huge amounts of olive 

wastes which resulted from olive industry in this regions no 

studies were conducted to utilize these wastes for energy 

production. Since Saudi 2030 vision is looking forward to use 

of various energy resources including energy from biomass. 

The implementation of such wastes for power production 

would reduce the country reliance on fossil fuels.   

Numerous studies on the characterization of olive wastes 

were conducted previously. Gogu and Maskan [25] studied 
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experimentally the drying behavior of olive pomace at 

different temperature, sample thickness and different particle 

size. The study showed a considerable improvement in the 

drying time for olive pomace by implementing of different 

sample thickness. on the other hand, the study proofed that the 

olive pomace drying process is strongly affected by the drying 

air temperature and olive pomace particle size.   

Roberto Volpe et al. [13] conducted an experimental 

investigation on the elemental characteristics and mass 

reduction behaviour of different types of olive wastes 

including Olive pulp and olive tree trimmings. The study 

showed that at a temperature of 650oC, the reduction in 

sample weight was up to 74% of its masses. In addition, the 

analyses of chars showed a direct increase of carbon 

percentage up to values of 75% and a reduction of oxygen 

percentage up to values of 10%. On the other hand, the H-

content remained stable up to a temperature of 300oC and then 

decreased with the increase of peak temperature.  

In order to find the best blend option, Miranda et al. [26] 

studied the combustion and characterization of olive wastes 

and residue from forest. In this research work, the 

characteristics of pelletized blends of olive residues and oak 

residues were investigated experimentally. Different pellets 

samples were produced and a stove combustion tests were 

used to study and investigate the combustion emissions of 

each sample. The results proved that not all tested samples 

were within quite satisfactorily levels, which was due to the 

different conditions of the precursors. The investigation 

recommended using of less than 50% of olive residues in the 

biomass pellets.    

Alkhamis and Kablan [11] studied the potential of low 

cost olive cake for energy production and its impact on 

environment.  The study was concentrated on finding of olive 

oil wastes calorific value and the effect of olive cake grain size 

on its caloric value. In addition, a process for the selection of 

a suitable olive cake grain size for handling, packaging and 

storing was proposed. The study proved that olive cake is a 

quite suitable for energy production with a maximum calorific 

value of 29.65kJ/kg when the olive waste percentage was 

28.08%. 

Alrawashdeh et al. [27] studied experimentally the 

degradation of olive residue by TGA. In this work, the 

investigation was focusing on the behavior of olive residuals 

during thermal decomposition process. The experimental 

work was concentrated on three different waste olive residuals 

including olive pomace, olive pruning and olive kernels. The 

samples were investigated under a nitrogen atmosphere at 

different heating rates, using a thermogarvimetric balance. In 

the experimental work, the samples were heated to a 

maximum temperature of 1,023 K, with four different heating 

rates of 2, 5, 10, 15 K/min. The kinetic data obtained from this 

investigation would provide useful information on the 

pyrolysis process which would be helpful in predicting the 

kinetic model. 

Another study on using of tests TGA for examining the 

effect of pressure and beak temperature on biochar yield 

during pyrolysis of two-phase olive mill wastes were 

conducted by Manyà et al. [28]. In this work, pyrolysis 

investigations were conducted in a thermogarvimetric 

analyzer TGA under nitrogen atmosphere and at a constant 

heating rate of 5K/min. The collected results on yielded 

biochar, yielded fixed-carbon, and the temperature at which 

the maximum rate of weight loss is reached were analyzed 

using regression models. The study showed that the amount of 

yielded biochar from the process decreases when both peak 

temperature and pressure increases.  

Guida et al. [12] conducted a thermogarvimetric analysis 

for different types of olive wastes. The studied wastes include 

olive mill solid waste (OMSW) and concentrated olive mill 

waste water (COMWW). In this study, the thermal behavior 

of the tested material was examined at different heating rates 

ranging from 5 to 50 C/min in inert atmosphere using the 

technique of thermogarvimetric analysis. For different 

increment of heating rates, the variations of characteristic 

parameters from the TG-DTG curves were determined. The 

initial temperature of degradation was higher in OMSW, 

which present a high amount of cellulose in comparison with 

COMWW. The results showed that the apparent activation 

energy obtained for the material derived from OMSW was in 

the range of 150–176 and 210.5–235.7 kJ/mol while for 

COMWW the values were found to be 133–145 and 255–275 

kJ/mol, respectively. 

Soria-Verdugo et al. [29] studied the effect of the number 

heating rates curves used in TGA on the study of biomass 

pyrolysis process. The investigation was implemented by 

using of the distributed activation energy model (DAEM). In 

this work, different biomass materials were used in the 

biomass characterization process including pine wood, olive 

kernel, thistle flower and corncob. In addition, for all biomass 

materials studied, nine heating rates curves were applied. The 

study proved a considerable reduction on the uncertainties of 

the collected results when increasing of the number of 

implemented heating rates.      

In this work, the Saudi Arabian olive wastes from 

different location were collected and investigated. The study 

includes an investigation of physical, combustion and 

elemental properties of the olive wastes. In addition, a kinetic 

study on olive wastes was performed where the activation 

energy and per-exponential factor for different olive wastes 

samples were evaluated by using of two different models 

including Kissinger and the Distributed Activation Energy 

Model (DAEM). The collected results from this study would 

give sufficient information on the suitability of utilizing Saudi 

Arabian olive wastes for thermochemical conversion. 

Moreover, the results would help in selecting the most 

appropriate conversation method to be implemented to such 

materials and also in the design of pyrolytic equipment which 

relay totally on kinetic parameters of biomass material such as 

activation energy and thermal decomposition rates.     

2. Material and Methods 

2.1.  Material Collection and Preparation 

In this work, three different air dried olive cake waste 

samples were obtained from different olive oil mills located in 

Domat Al-Jandal-KSA (29°48′41″N 39°52′06″E) and 

Elgrayat-KSA (31°19′N 037°22′E). Each sample was 
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numbered and given specific code for preparation and sorting 

process. The first sample was with square cross-section was 

obtained from Al-Jawf region, Domat Al-Jandal governorate 

KSA. Another two samples with a cylindrical shape were 

collected from an olive farm in the Al-Jawf region, Elgrayat 

governorate-KSA. The first sample was given a reference 

code of A while the other two samples were given reference 

codes of B and C.   

In order to prepare the samples for tests, each sample was 

crushed with a hammer into small and medium-sized pieces as 

shown in Figure 1 (a). The resulted material was then 

transferred to a sieve shaker device which shown in Figure 1 

(b) where a smaller size was obtained. The used sieve shaker 

device was capable to give a material sizes in the range of 20 

μm to 500 μm. Shown in Figure 1 (c) is the collected material 

from sieve shaker.  

Since the devices used in the experimental work deals 

with small material sizes, specific sizes were selected to be 

used in this work. Thus, the selected materials sizes from sieve 

shaker device were with a sample sizes less than 150 μm. 

Finally, three samples were obtained from each material 

including A, B and C. Shown in Figure 1 (d) is the final stage 

of material perpetration where the material powder was 

prepared and kept in bottles. 

 

Fig. 1. (a) Samples after crushing (b) Sieve shaker device (c) 

Collected different sizes from sieve device (d) Final stage of 

material preparation.  

2.2. Bulk Density Determination 

The bulk densities for each sample were evaluated by 

using of sensitive weight and 250 mL beaker. For each sample, 

small amount of the prepared material was put in the beaker 

and the material volume and weight were measured and used 

to evaluate to the bulk density. For each material sample, the 

bulk density tests were repeated three times and the average 

value were taken. 

2.3. Material Drying 

For material drying process, small amounts of prepared 

samples were put in open vessels and placed into a forced air 

drying oven 425 litre capacity 78-00135/01/ produced by zan 

group at a temperature of 110 °C. The drying trends for the 

samples under study were obtained based on measuring of 

samples weight at 5 minutes time intervals. At each time 

interval, the material under study lost some of its weight due 

to water evaporation and hence lower weight is obtained till it 

reaches a point where there is no considerable weight lost were 

achieved. At this point, the samples were considered to be 

completely dried and the drying process was stopped. 

2.4. Calorific Value Determination 

The calorific value was calculated with the accordance to 

CEN/TS 14918. For the test purpose, a calibrated Parr 6200 

bomb calorimeter was used to determine the higher and lower 

calorific value for the tested samples. 

2.5. Ultimate Analysis 

The mass percentages of carbon (C), nitrogen (N), 

hydrogen (H) and sulphur (S) were determined by using of a 

2400 Series II CHNS/O elemental analyzer. Small amounts of 

the material under study typically ranging from 1.5 to 2.2 

grams were investigated by using of CHN analyzer. Oxygen 

percentage in the samples was evaluated by subtraction. 

2.6. Proximate Analysis 

In order to predict the thermal behavior of any biomass 

material, the biomass weight loss due to temperature increase 

at specified time is measured. Thermogarvimetric analysis 

(TGA) is a commonly used technique to conduct the 

proximate analysis of biomass materials [30]. TGA provides 

an extensive understanding of biomass material thermal 

degradation behavior which occurs in thermochemical 

conversion processes. In this work, proximate analyses were 

carried out by using TGA Q500 model Thermogarvimetric 

Analyzer. Typically, 10 to 40 mg of samples was used to 

evaluate of moisture content, volatile matter, fixed carbon and 

Ash content of the material under study. In order to study the 

kinetic parameters of the biomass material, the thermal 

degradation tests TGA was conducted with at different heating 

rates from material’s initial conditions till 1273 K. Nitrogen 

was used as purge gas and isothermal for 5 minutes were 

applied. 

2.7. Kinetic Model 

The de-volatilization process is considered as the first step 

in all thermochemical conversion processes. Based on 

biomass material nature, a continuous heating of biomass 

material would affect in splitting of biomass chemical bonds. 

The process is very complex, but it can be simplified into one 

step model which assumes that the process takes place in a 

single step. Reaction models are commonly used to analysis 

the biomass degradation behaviour where it assumes that the 

reaction rate is proportional to the reaction order (n). 

𝑑𝛼

𝑑𝑇
= 𝑘(𝑇)(1 − 𝛼)𝑛                                                                     (1)       

Where 𝑘(𝑇) is the kinetic rate constant.  

The kinetic rate constant can be represented based on 

Arrhenius equation as following: 

𝑘(𝑇) = 𝐴. 𝑒−
𝐸𝑎
𝑅𝑇                                                                             (2)         
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Where: 

𝑘: 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑠−1) 

𝑇: 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾)   

𝐴: 𝑃𝑟𝑒 − 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑠−1)    

𝐸𝑎: 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 (
𝐽

𝐾𝑚𝑜𝑙⁄ )   

𝑅: 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (
𝐽

𝐾𝑚𝑜𝑙⁄ ) 

In this work, the Kissinger and the Distributed Activation 

Energy Model (DAEM) methods were applied to obtain the 

kinetic parameters of the biomass material under mass 

degradation process. The kinetic parameters include the 

activation energy and pre-exponential factor for the biomass 

samples under study.  

Kissinger model assumes that the reaction rate reaches its 

maximum value at (𝑇𝑝) which can be represented in DTG 

curves. The governing equation for Kissinger model as 

follows:  

ln (
𝛽

𝑇𝑝
2) = ln (

𝐴𝑅

𝐸𝑎
) −

𝐸𝑎

𝑅𝑇𝑝
                                                             (3)                                                                                                              

Where: 

(𝛽): the heating rate (K/min). 

𝑇𝑝: Peak temperature (K) 

In order to apply Kissinger method, four TGA 

experiments at different heating rate including 5 K/min, 10 

K/min, 30 K/min and 50 K/min were conducted for the 

material under study including sample A, B and C. From TGA 

results, the DTG curves for the different heating rate were 

plotted and the points of 𝑇𝑝for each heating rate were obtained. 

Based on the collected data from DTG curves, Kissinger plot 

which represents the relation between (ln (
𝛽

𝑇𝑝
2)) and (

1000

𝑇𝑝
)  

[31] were plotted. Finally, based on Kissinger plot, the value 

of activation energy and pre-exponential factor were evaluated 

from slope and intercept.   

The Distributed Activation Energy Mode (DAEM) was 

first proposed by Vand [32]. DAEM assumes a number of first 

order reaction which follow Arrhenius kinetics equation and 

occur at the determined activation energy of the fuel chemical 

reaction. However, the proposed method was very 

complicated and simplified by Miura [33, 34]. In this model, 

the biomass de-volatilization process can be described by: 

1 −
𝑉

𝑉∗ = ∫ exp (−𝐴 ∫ 𝑒
−𝐸

𝑅𝑇⁄𝑡

0
𝑑𝑡) 𝑓(𝐸)

∞

0
dE                       (4)                                                                                     

Where: 

𝑉: 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 𝑙𝑜𝑠𝑠 (𝑚𝑔)  

𝑉∗: 𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 (𝑚𝑔)  

𝑉: 𝑇𝑖𝑚𝑒 (𝑠) 

The time integral in the exponential function in Equation 

(4) can be converted into temperature as following: 

∅(𝐸, 𝑇) = exp (−
𝐴

𝛽
∫ 𝑒

−𝐸
𝑅𝑇⁄𝑇

0
𝑑𝑇)                                         (5)                                                                                                          

Equation (5) can be further simplified to:  

∅(𝐸, 𝑇) = exp (−
𝐴𝑅𝑇2

𝛽𝐸
𝑒

−𝐸
𝑅𝑇⁄ )                                               (6)                                                                                                           

By implementing of Miura simplification, the Arrhenius 

equation can be expressed as: 

ln (
𝛽

𝑇2) = ln (
𝐴𝑅

𝐸
) + 0.6075 −

𝐸

𝑅𝑇
                                            (7)                                                                                                             

Based on TGA collected results for the samples under 

study at different heat rates,   
𝑉

𝑉∗ at the different temperatures 

were evaluated and plotted as de-volatilization curves at 

different heating rate. From Arrhenius plot which shows the 

relation between 
𝛽

𝑇2 and  
1

𝑇
 at selected de-volatilization rate, the 

activation apparent energy Ea, and the pre-exponential factor 

(A) are determined from the slope and intercept. 

3. Results and Discussions 

3.1. Calorific Value 

In this work, the lower and higher calorific value of olive 

wastes samples A, B and C were evaluated in bomb 

calorimeter.  Shown in Table 1 is the variation in lower and 

higher calorific value of the tested samples. As it can be seen 

from the Table, sample A showed higher calorific values as 

compared with sample B and C. The lower and higher calorific 

values for sample A were found to be 24152.5kJ/kg and 

24889.2kJ/kg, respectively. On the other hand, the 

corresponding values were found to be 13386.0kJ/kg and 

13824.2kJ/kg for sample B and 12568.5kJ/kg and 

12907.9kJ/kg for sample C. As it can be seen from the Table, 

sample A was higher with 44.5% to 48% as compared with 

other samples. This is may be due to the poor storage 

conditions and dust to which the samples were exposed. In 

addition, it was very clear that the period during which storage 

was carried out was affected negatively on biomass quality 

including calorific value since some of volatiles may lost due 

to poor storage conditions for long periods. As it can be seen 

from Table 3 the volatile contents was very high in sample A 

which was affected strongly in its high calorific value. 

Table 1. Lower and higher calorific value for sample A, B and 

C  

Material LCV (kJ/kg) HCV (kJ/kg) 

Sample A 24152.5 24889.2 

Sample B 13386.0 13824.2 

Sample C 12568.5 12907.9 

The collected results were also compared with other solid 

fuels including different types of solid biomass wastes and 

coal. Figure 2 shows a comparison of olive waste samples A, 

B and C calorific values with other different types of wood 

wastes and coal [35-37]. As can be seen from the Figure, 

sample A showed higher calorific values as compared to wood 

and some types of coal such as Bituminous coal (23250 

MJ/kg) which is commonly used for the heat production in 

industrial and residential sectors. On the other hand, as 

compared to other materials, samples B, C showed lower 
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calorific values. In general, in term of calorific value, the 

collected results showed a superior value for olive residues 

which would enhances the capability of utilization of such 

wastes as a fuel.  

 

Fig. 2. Comparison of calorific value of the tested olive waste 

samples and different types of wood wastes and coal.  

3.1. Elemental analysis 

Elemental investigation is very important part in the study 

of suitability of any biomass material for thermochemical 

conversion processes. CHN analysis is a common technique 

for assessing the elemental and environmental compatibility 

of different material including fossil fuels such as coal, as well 

as for recycling of raw materials such as wood or biomass 

combustible waste. In this work, CHN analyzer was used to 

evaluate the mass percentages of carbon (C), nitrogen (N), 

hydrogen (H) and sulfur (S). Small amounts of olive waste 

material including A, B and C were experimentally tested in 

CHN analyzer.  

Shows in Table 2 is the mass percentage of carbon (C), 

nitrogen (N), hydrogen (H) and sulfur (S) for the tested olive 

waste samples including A, B and C and other biomass and 

different type of coal [35]. As can be seen from the Table, 

sample A showed higher percentage of carbon and hydrogen 

percentages as compared with sample B and C. In addition, for 

all tested samples, the percentages of nitrogen and sulfur were 

in the same ranges, where the nitrogen and sulfur ranges were 

found to be in the range of 0.26% to 0.53% and 2.69% to 

3.89%, respectively. In general, the collected elemental 

investigation results showed higher quality for olive wastes 

collected from Domat Al-Jandal farms as compared with 

Elgrayat farms since the higher percentage of carbon and 

hydrogen in this biomass material which would affect 

releasing of higher amount of heat energy during combustion.  

Table 2. Mass percentage of Carbon (C), Nitrogen (N), 

Hydrogen (H) and Sulfur (S) for the tested olive waste samples 

and other materials 

    Material 
Carbon 

(C) (%) 

Hydrogen 

(H) (%) 

Nitrogen 

(N) (%) 

Sulfur 

(S)  (%) 

Sample A 50.04 7.99 0.53 3.89 

Sample B 29.55 4.21 0.51 2.75 

Sample C 30.06 4.17 0.26 2.69 

Bituminous 

Coal 
68.00 4.00 3.00 0.90 

Oil Palm 

Fronds 
42.10 5.46 0.70 0.13 

Oil Palm 

Shell  
49.65 6.13 0.41 0.48 

Rice Husk 38.74 5.83 0.55 0.06 

Paddy Straw 33.48 6.01 1.46 0.15 

The results obtained were also compared with other solid 

fuels, including solid biomass wastes and various forms of 

coal. Shown in Table 3 also is a comparison of sample A with 

different types of woody biomass wastes and coal.  As can be 

seen from the Table, sample A showed higher Hydrogen 

percentage as compared to saw dust, wheat straw, peat and 

coal which is advantage since the higher percentage of 

hydrogen would affect positively on calorific value. On the 

other hand, the percentage of carbon in sample A was found 

to be higher as compared with saw dust and wheat straw and 

lower as compared with peat and coal.  

The percentage of sulfur in sample A was found to be 

higher as compared to saw dust, wheat straw, peat and coal 

which is disadvantage since the combustion of materials with 

higher sulfur percentage would results in higher sulfur oxides 

which is undesirable product.  In general, the results obtained 

from elemental investigation of Saudi Arabian olive wastes 

showed higher opportunity to undergo into thermochemical 

energy conversion which gives the possibility of using this 

waste as fuel. Moreover, due to the harmful effect of sulfur 

oxides more attention should be given when using of olive 

wastes in the different thermochemical energy conversion 

processes. 

3.2. Mass Degradation Behaviour 

In this work, TGA analysis was conducted for the samples 

under study including A, B and C. The three samples were 

tested in a TGA analyzer under same conditions. The samples 

temperature was increased gradually from ambient condition 

till it reached a maximum temperature of 1273K where the 

experiment was stopped. Shown in Figures 3-5 are the mass 

thermal degradation behavior and derivative mass loss curve 

(DTG) of sample A, B and C at constant temperature 

increment of 5K/min. As it can be seen from the figures, a 

gradually mass degradation was occurred with the increase of 

the temperature. Based on the collected results, for the same 

combustion rate, different mass degradation trend was 

achieved and each sample has its own unique degradation 

behavior.     

 

Fig. 3. The mass thermal degradation behavior and derivative 

mass loss curve (DTG) of sample A at heating rate of 5K/min. 
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Fig. 4. The mass thermal degradation behavior and derivative 

mass loss curve (DTG) of sample B at heating rate of 5K/min. 

 

Fig. 5. The mass thermal degradation behavior and derivative 

mass loss curve (DTG) of sample Cat heating rate of 5K/min. 

As it can be seen from the Figures, the degradation of the 

samples under study begins around 310K. Two main peaks 

can be noticed clearly in sample A degradation curve while 

sample B and C showed only one peak. For sample A, the first 

peak which was at 590K is related to the thermal degradation 

of hemicellulose, while the second peak at 640K is attributed 

to the degradation of cellulose [38]. Sample B and C showed 

only one peak at 580K and 570K, respectively which were 

attributed to degradation of hemicellulose. The sharper 

hemicellulose peak of sample B and C represents the higher 

hemicellulose percentage in sample B and C as compared with 

sample A. The shoulder followed the second peak is attributed 

to the thermal degradation of lignin which was found to be at 

750K for sample A while for sample B and C was at around 

720K.        

In order to analysis the collected results of samples 

degradation trends, the mass degradation curves were divided 

into three temperature zones. The first zone starts from the 

ambient conditions till a temperature of 473K. This zone 

represents the water evaporation zone where the total amounts 

of moisture inside the samples are assumed to evaporate in this 

zone. The second zone which ends at temperature of 680K 

represents the hemicelluloses and celluloses zone, where the 

total amounts of volatile are assumed to burn by the end of this 

zone. The last zone ends at 1273K and represents the of fixed 

carbon zone. The personage of the ash in samples was 

assumed to be the remaining percentage. Based on the 

explained temperature zones, shown in Table 4 are the 

percentages of moisture, volatile, fixed carbon and ash content 

for samples under investigation and other different types of 

biomass and coal materials.     

Table 3. The percentages of moisture, volatile, fixed carbon 

and ash content for samples under investigation and other 

different types of biomass and coal materials 

Material 

Moistur

e 

Content 

(%) 

Volatile 

Contents 

(%) 

Carbo

n 

Conte

nt (%) 

Ash 

(%) 

Sample A 4.00 72.00 16.00 8.00 

Sample B 5.00 39.00 22.00 34.00 

Sample C 4.00 38.00 18.00 40.00 
Bituminous Coal 

[39] 
11.00 35.00 45.00 9.00 

Oil Palm Fronds 

[25] 
71.43 83.19 12.66 4.15 

Oil Palm Shell [25] 17.50 81.03 14.52 4.44 

Rice Husk [25] 13.08 64.20 12.57 23.24 

Paddy Straw [25] 8.47 72.48 8.08 19.75 

As it can be seen from Table 3, it is noticed that the 

percentage of moisture, volatile, carbon and ash content in 

sample A are 4%, 72% 16%, and 8%, respectively. As 

compared with samples B and C, sample A showed less ash 

content, and this is considered as an advantage since the lower 

ash content in the sample is an indication for the higher 

suitability of the material for thermochemical conversion. 

Also, the less of moisture content shows the more suitability 

for thermochemical conversion process since the lower 

moisture content would affect in higher net calorific value of 

the material.  On the other hand, the increase of volatile 

contents in the sample would give an indicator of the higher 

ignitability of the material. Moreover, the higher percentage 

of fixed carbon would affect positively on the amount of heat 

released when burning of biomass material. From the previous 

discussion and from elemental analysis point of view, it is very 

clear that sample A is more suitable for thermochemical 

conversion as compared with sample B and C which showed 

lower quality. 

In addition, Table 2 shows a comparison of olive waste 

samples A, B and C with other different biomass material 

including Sorghum, Stover and wood. As it can be seen from 

the Table, sample A showed a superior quality in term of 

moisture, volatile and fixed carbon as compared with sorghum 

and Stover since it showed lower percentage of moisture and 

higher percentage of volatile and fixed carbon. On the other 

hand, as compared with other materials, sample A showed a 

higher ash content which indicate a difficulty in ash removing 

mechanisms. Generally, the material degradation trends 

showed relatively superior properties for sample A to undergo 

thermochemical energy conversion.  

3.3. Kinetic Model 

Heating rate is very important factor which affecting the 

thermal degradation behavior of biomass materials. Shown in 

Figure 6-8 are the thermal degradation behavior and derivative 

mass loss curve (DTG) for heating rate of 5, 10, 30 and 50 

k/min of sample A, B and C. As it can be seen from the figures, 
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increasing of heating rate was affected in shifting of DTG 

peaks in the direction of higher temperatures. This is due to 

limitation of heat transfer at higher heating rates where the 

reaction time will be shorter at higher heating rates [40-42] 

which would give enough time for the nitrogen to reach an 

equilibrium conditions with the sample temperature. Thus, in 

the case of higher heating rates, the amount of heat required 

for bond cracking reached it value later as compared with the 

lower heating rates. In addition, for the same heating rates and 

temperature ranges, sample A showed higher degradation 

rates as compared with sample B and C. This is because of the 

lower percentage of cellulose in sample B and C as compared 

with sample A.  

 

Fig. 6. The thermal degradation behavior and derivative mass 

loss curve (DTG) of sample A at different heating rate. 

 
Fig. 7. The thermal degradation behavior and derivative mass 

loss curve (DTG) of sample B at different heating rate. 

 

Fig. 8. The thermal degradation behavior and derivative mass 

loss curve (DTG) of sample C at different heating rate. 

Testing of biomass material under different heating rates 

is a key method for evaluating of kinetic parameters of 

biomass materials. In this work, the collected data from 

thermal degradation behavior at different heating rates were 

used in evaluation of kinetic parameters including calculating 

of activation energy and finding out of pre-exponential factor 

for the samples under study. The obtained kinetic parameters 

were based on Kissinger and the Distributed Activation 

Energy Model (DAEM).  

Kissinger is not is conversional model where the degree 

of conversion in this model is assumed to be constant for 

different heating rates. Based on the thermal degradation 

behavior and derivative mass loss curve (DTG) at different 

heating rate collected in the previous step, the Kissinger plot 

for the materials under study were prepared. Shown in Figure 

9 are the Kissinger plot of ln (
𝛽

𝑇𝑚
2 ) against (

1000

𝑇𝑚
) and the 

corresponding regression relations lines for sample A, B and 

C. As it can be seen from the figure, the regression coefficient 

R2 was varying from 0.9036 for sample A to 0.9427 for 

sample C. For each sample, the kinetic parameters which 

include the activation energy and pre-exponential factor were 

collected from regression line slope and intercept of the linear 

relationship.    

 

Fig. 9. Kissinger plot for sample A, B and C. 

A comparison of the collected activation energy and pre-

exponential factor for olive wastes samples including A, B and 

C based on Kissingar model are shown in Table 4. As it can 

be seen from the Table, sample A showed relatively higher 

activation energy as compared with sample B and C which 

means higher amount of energy needed by sample A inorder 

to undergo into a thermochemical energy conversion. On the 

other hand sample A showed a relatively higher pre-

eaponential factor as compared with sample B and C. Thus, 

although the higher value of activation energy needed by 

sample A in thermochemical energy conversion processes, it 

relatively reaches this value higher number of times as 

compared by B and C.   

Table 4. A comparison of the activation energy and pre-

exponential factor for the samples under study 

Sample 
Activation Energy 

(Ea) (kJ/mol) 

Pre-exponential 

factor (A) (Min-1) 

A 168.50 3.954 × 1013 

B 122.76 3.573 × 1010 

C 135.74 1.125 × 1012 

The activation energy based on the Distributed Activation 

Energy Model (DAEM) was calculated for different de-

volatilization rate. In order to evaluate the kinetic parameters, 

different de-volatilization ranging from 0.1 to 0.7 were chosen 

and implemented for the tested samples. This range was used 

in the current study because thermochemical reactions at the 

beginning and ending of the de-volatilization process [43]. 

Shown in Figure 13-15 are the variation of de-volatilization 

percentage at different heating rates including 5 k/min, 10 

K/min, 30 K/min and 50 K/min for the samples under study.  

As it can be seen from the figures, similar trends were 

observed for sample A, B and C. From the figures, higher de-

volatilization rate was found to be implemented in the 

beginning of the de-volatilization process till a temperature of 

around 800K. Thus, for all tested samples, most of material 
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de-volatilization process occurs in the temperature range 450 

to 800K.  After this point, two-stage reduction in the de-

volatilization rate was observed. The first stage was in the 

temperature range of 800 to 950K which is associated with 

lignin pyrolysis. The second zone was in the temperature 

greater than 900K which is associated with a relatively lower 

de-volatilization rate at fixed carbon zone.     

 
Fig. 10. De-volatilization curves at different heating rate of 

sample A. 

 
Fig. 11. De-volatilization curves at different heating rate of 

sample B. 

 
Fig. 12. De-volatilization curves at different heating rate of 

sample C. 

The collected data from de-volatilization curves were 

used for drawing of the distributed Activation Energy Model 

(DAEM) curves for selected de-volatilization rates of the 

samples under study. The plot represents the relation between 

ln 𝛽𝑖/𝑇2 and
1000

𝑇𝑖
. Shown in Figure 16-18 are the Distributed 

Activation Energy Model curve for sample A, B and C, 

respectively. The comprehensive data collected from the 

figures which include activation energy along with coefficient 

of regression (R2) are shown in Table 6. As it can be seen from 

the coefficient (R2) a linear fitting was obtained for almost de-

volatilization. The activation energy (Ea) was calculated from 

the slope while the pre-exponential factor was calculated from 

the intercept.  

 
Fig. 13. The activation energy based on (DAEM) model at 

different de-volatilization rates for sample A. 

 
Fig. 14. The activation energy based on (DAEM) model at 

different de-volatilization rates for sample B. 

 

Fig. 15. The activation energy based on (DAEM) model at 

different de-volatilization rates for sample C. 

As it can be seen from Table 5, the obtained activation 

energy for sample A, B and C was ranging from 91-208 

kJ/mol, 90-154 kJ/mol and 75–177 kJ/mol, respectively. For 

the same de-volatilization rates the activation energy for 

sample A were found to be higher as compared with sample B 

and C which were found to be is the same ranges. As it can be 

seen from the Table, for all tested samples, low activation 

energy values were observed at very low conversion rates. On 

the other hand, at the intermediate conversion rates, the 

activation energy was found to be in its intermediate values. 

Finally, at high conversion rates, the activation energy 

increases to a very high value and drop again. The fluctuation 

in the activation energy values was higher in sample as 

compared with sample B and C. The observed variation in the 
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distributed activation energy shows the higher complexity in 

the degradation process of the material under study. The low 

values of activation energy may be due to the broken of weak 

chemical bonds which is associated with a formation of light 

volatiles. With the progress of de- volatilization process 

higher activation energies are needed due to covalent chemical 

bonds. Finally, at the higher conversion rates, the activation 

energy dropped due to fact the most of bonds were broken. 

The values of pre-exponential factor for sample A, B and C 

were found to be in the range of 9.85E+08 to 1.88E+18, 

2.23E+08-7.12E+13 and 0.9E+9-2.68E+14. 

The average values for activation energy collected from 

the Distributed Activation Energy Model (DAEM) for sample 

A, B and C were compared with the corresponding values of 

Kissinger model. Good agreement was found for activation 

energy collected based on Kissinger and DAEM models, 

where the percentage difference for activation energy were 

found to be 3.05%, 6.0% and 2.1% for A, B and C 

respectively. The collected results on activation energy and 

pre-exponential factor were compared with other similar 

studies. As it can be seen from Table 6, the collected results 

were in good agreement with the literature results. 

Table 5. Activation energy, pre-exponential factor and coefficient of regression (R2) for sample A, B and C 

𝑉

𝑉∗ 

Sample A Sample B Sample C 

Activati

on 

Energy 

(kJ/mol) 

Relation between  

ln (
𝛽

𝑇2
)vs. 1/T and 

R2 

A 

Activation 

Energy 

(kJ/mol) 

Relation 

between  

ln (
𝛽

𝑇2
)vs. 1/T 

and R2 

A 

Activatio

n Energy 

(kJ/mol) 

Relation 

between  

ln (
𝛽

𝑇2
)vs. 1/T 

and R2 

A 

0.1 91.25 
y = -10.981x 

+11.731 

R² = 0.9894 

7.44E

+08 
90.16 

y = -10.85x 
+11.76 

R² = 0.981 

7.57E+

08 
75.46 

y = -9.081x + 
7.5249 

R² = 0.9919 

9169007 

0.2 195.69 

y = -23.549x 

+32.617 

R² = 0.9821 

1.88E
+18 

148.91 

y = -17.919x + 

22.71 

R² = 0.9757 
 

7.12E+
13 

113.44 

y = -13.651x + 

14.44 

R² = 0.9669 

1.39E+10 

0.3 106.06 
y = -12.763x 

+11.861 

R² = 0.9871 

9.85E
+08 

138.22 
y = -16.633x 

+18.917 

R² = 0.9817 

 

1.49E+
12 

126.82 
y = -15.261x + 

16.238 

R² = 0.9638 

9.37E+10 

0.4 146.40 
y = -17.617x + 18.51 

R² = 0.9942 

1.05E

+12 
99.42 

y = -11.964x 

+9.9419 

R² = 0.9921 
 

1.35E+

08 
119.08 

y = -14.33x + 

13.502 
R² = 0.975 

5.71E+09 

0.5 162.94 

y = -19.608x 

+20.737 

R² = 0.987 

1.08E
+13 

145.47 

y = -17.505x 

+18.024 

R² = 0.9638 

6.41E+
11 

177.60 

y = -21.372x + 

23.861 

R² = 0.9982 

2.68E+14 

0.6 233.13 
y = -28.055x 

+32.179 

R² = 0.9967 

1.44E

+18 
153.97 

y = -18.528x 

+17.685 
R² = 0.5859 

 

4.84E+

11 
170.83 

y = -20.557x + 
20.196 

R² = 0.9711 

6.61E+12 

0.7 207.99 

y = -25.029x 

+24.366 
R² = 0.9043 

5.21E

+14 
134.70 

y = -16.209x 
+10.139 

R² = 0.4238 

 

2.23E+

08 
146.95 

y = -17.683x + 

13.518 
R² = 0.9748 

7.15E+09 

Average 163.35   130.12   132.88   

Table 6. Comparison of activation energy and pre-exponential factor for olive wastes 

Sample Activation Energy (Ea) (kJ/mol) Pre-exponential factor (A) (Min-1) 

A (Kissinger) 168.50 3.954 × 1013 

A (Average DAEM)  163.35 7.44E+08-1.88E+18 

B (Kissinger) 122.76 3.573 × 1010 

B (Average DAEM) 130.12 2.23E+08-7.12E+13 

C (Kissinger) 135.74 1.125 × 1012 

C (Average DAEM) 132.88 9.17E+6-2.68E+14 

Olive kernels [27] 130.3 1.18 × 1010 

Olive pomace [27] 149.87 3.32 × 1012 

Olive residue (Ozawa method) [40] 148-207 - 

Olive residue (Vyazovkin method) [40] 160-219 - 

Olive residue Ozawa–Flynn– Wall method [44] 148-211 - 
Poplar wood [45] FWO method 158.58 7.96 × 1013 
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4. Conclusion 

In this work, the suitability of Saudi Arabian olive wastes 

for thermochemical energy conversion was studied 

experimentally by using physical, thermal and elemental 

investigations. For elemental analysis TGA and CHN analysis 

were applied. Three samples from different location including 

one sample from Domat Al-Jandal-KSA and two samples 

from Elgrayat-KSA were collected and investigated. The 

lower calorific values for Domat Al-Jandal samples were 

found to be 24152.5kJ/kg while for Elgrayat samples the value 

was found to be 12568.5kJ/kg and 13386kJ/kg, respectively. 

The elemental investigation showed a better quality for Domat 

Al-Jandal samples as compared with Elgrayat samples where 

the carbon and hydrogen percentages were found to be 50% 

and 8%. Based on Kissinger model, the values of activation 

energy were found to be in the range of 122.77 to 168.50 

kJ/mol with a pre-exponential factor ranging from 3.573 ×
1010  to 3.954 × 1013. The collected results on the activation 

energy was based on Kissinger and DAEM models were 

within good agreement with the literature, where the 

percentage difference were found to be in the range of 2.1% 

to 6.0%. The collected results from this work can be 

considered as solid base for further studies of olive wastes 

thermochemical conversion processes such as gasification, 

pyrolysis and combustion. 
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