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Abstract 

This article investigates the influence of processing parameters (conditioning and binder 

content), on quality of fuel agro-pellets produced from four olive cultivars (Istarska Bjelica, 

Buža, Pendolino, Leccino) grown in experimental filed in Croatia (Istria). Physical and chemical 

properties of pellets have been determined to assess their quality. Low ash and sulphur levels 

were detected, with elevated nitrogen levels for all samples. Analysis of variance and post-hoc 

Tukey’s HSD test at 95 % confidence limit have been utilised to show significant differences 

between various samples. Low coefficients of variation have been obtained for each applied 

assay (0.09-2.98 %), which confirmed the high accuracy of the measurements. Score analysis 

and principal component analysis have been used for assessing the effect of process variables 

and variety of cultivars on final quality of pellets. For PCA modelling, experimental data for 

physical and chemical properties have been used. Standard scores analysis revealed that equally 

good physical and chemical characteristics of pellets can be obtained with conditioning at 50 °C, 

but also without conditioning. The use of binders didn’t affect the quality of pellets as much.  
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1. Introduction 

 

Olive oil production, as one of the most important branches of Croatian agriculture and other 

Mediterranean countries, results in vast amounts of organic residues, with fresh olive cake as the 

main by-product. Estimated quantity of residues generated in the production of olive oil in the 

EU is around 6.8 million tonnes per year  [1], while Croatia produces slightly less than 40 000 

tonnes of olives per year [2], out of which approximately 16 000 tonnes of fresh cake is 

produced. Olive cake consists of solids and a part of vegetable water, and its consistency is 

similar to a paste. Such material is difficult to manipulate and it dries slowly, therefore many 

problems occur by its disposal [3]. 

Due to high amount of waste that olive oil production generates, it would be useful to find an 

environmentally friendly way of its utilization. One of the methods of olive cake utilization is 

production of thermal energy by combustion. The main technical and technological problem of 

combustion of olive cake is the low energy value per unit mass. Additionally, olive cake requires 

large storage spaces. The simplest way to enable more efficient usage of this residue as a source 

of energy is to process it by pelletization process. 

Various factors can affect the quality of the pelleted product, such as moisture content, particle 

size and shape, chemical composition of raw material, type of processing equipment, etc. 

Agricultural residues, due to their low bulk density and specific chemical composition are hard 

to compress, while wood residues, such as sawdust and wood chips, have a structure with good 

compression properties and contain natural binders, such as lignin. Thus, the addition of material 

containing these natural binders or addition of commercial binders can improve the quality of 

pellets [4].  

Conditioning of the material before pelletization by addition of steam or water may also improve 

pellet quality as this pre-treatment affects moisture content of the material. Conditioning is 

usually done by adding saturated steam at a given pressure, which increases the temperature and 

moisture of the material. Higher moisture content of the material reduces the energy 

consumption during pelletization [5], as well as lowers the friction in pellet press which affects 

pellet quality and the pelletization process itself [6, 7]. The application of steam to prepare 



material for pelletization is used to obtain higher quality pellets [8, 9]. Addition of heat and 

moisture affects the components in the material, such as starch and protein, activating their 

binding properties [10]. However, the application of too much heat or water can reduce the 

production capacity and quality of pellets [7].   

Agro-pellets from olive cake are a product of uniform shape and size, which is much easier to 

manipulate than the starting material. Namely, pelletization facilitates transport (easier material 

handling, reducing transport costs), storage (reducing storage space), feeding in to combustion 

furnace and burnout. Also, it is important that pelletization increases the heating value per unit 

mass of cake [10, 11].  

Olive cake was previously investigated as a potential bio-fuel, where its chemical composition 

and characteristics for energy utilization have been analyzed, as well as the combustion of this 

residue. It has been proven that the use of olive cake as fuel significantly reduces the emissions 

of sulphur oxide, which is very high when burning fuel oil [12] and that it is a good energy 

source for the production of "clean" energy, considering that all of flue gas emissions were lower 

than recommended by EU directives on emissions of pollutants from large burning facilities [13]. 

It is shown that different fractions of waste from the production of olive oil have different 

combustion characteristics. Olive cake together with olive kernel emerged as the best fuel, with 

the smallest proportion of unburnt residue and maximum combustion efficiency [14]. 

Olive cake can be peletized in combination with other materials. Thermal decomposition of 

pellets made of olive cake in combination with wood biomass depends primarily on the chemical 

composition of the samples, i.e. on ratio olive cake/wood biomass. With increase of share of 

olive cake in pellets, emissions of nitric oxide (NO) and sulphur dioxide (SO2) also increase, 

which is understandable because the cake has more sulphur and nitrogen, than wood biomass 

[15]. 

In comparison with wood biomass pellets made from olive cake have higher calorific value. 

Olive cake pellets have low sulphur content, but higher ash and nitrogen content. Pellets made 

from olive cake can be considered to have acceptable properties for thermal utilization. However 

there are restrictions for content of ash and nitrogen, which can lead to problems during 



combustion in the furnace. Physical properties of olive cake pellets can be improved by addition 

of wood biomass [16].  

The objective of this study was to investigate the quality of pellets made from different cultivars 

of olive cake with and without addition of binder and with or without conditioning of the starting 

material. To assess the quality of pellets their physical and chemical characteristics have been 

determined. Experimental results have been subjected to analysis of variance (ANOVA) to show 

relations between applied assays (physical and chemical). In order to enable more 

comprehensive comparison between investigated samples, standard score (SS) has been 

introduced. Principal component analysis (PCA) has been applied to classify and discriminate 

analysed samples.  

 

2. Materials and methods 

2.1. Material 

Four olive cake cultivars have been used in the research: Buža, Leccino, Pendolino and Istarska 

Bjelica grown in a ameliorated experimental field near Novigrad, Istria, Croatia. Olive cake was 

obtained after oil extraction from the fruit intended for the production of extra virgin olive oil 

from an olive oil mill in Istria in Novigrad, Croatia. The olive cake was a product after three way 

extraction method. The chemical composition of obtained cake was analysed, and the results 

were published in a previous investigation [17] and are presented in table 1. 

 

Table 1. Chemical composition of olive cake 

%, dry basis I. Bjelica Buža Leccino Pendolino 

pH 4,47 ± 0,02 
d
 7,07  ± 0,06 

a
 6,24  ± 0,23 

b
 5,13 ± 0,02 

c
 

Protein 6,17 ± 0,10 
b
 4,39  ± 0,10 

c
 6,68  ± 0,10 

a
 6,61  ± 0,19 

a
 

Raw cellulose   40,09 ± 0,08
 a
 40,34 ± 0,03

 a
  40,72 ± 0,04

 a
  38,91 ± 0,04

 a
 

Oil  6,28  ± 0,02 
b
 9,74 ± 0,04 

a
 4,58 ± 0,07 

c
 4,50 ± 0,02 

c
 

Ash  1,84 ± 0,01 
b
 2,07 ±0,07 

a
 1,56 ± 0,02 

c
 1,60 ± 0,03 

c
 

C 55,54 ± 0,72 
a
 54,21 ±0,63 

b
 56,64 ± 0,56

 a
 55,19 ± 0,77 

a
 

H 7,38 ±0,34 
b
 7,52 ±0,24 

b
 8,10 ±0,08 

a
 7,79 ± 0,27 

b
 

N 0,99 ±0,02 b 0,70 ±0,02 c 1,07 ±0,02 a 1,06 ± 0,03 a 

S 0,069 ±0,01 
b
 0,068 ±0,01 

b
 0,083 ± 0,01 

a
 0,084 ± 0,01 

a
 

The results are presented as mean±SD; Different letter within the same row indicate significant 

differences (p <0.05), according to Tukey’s test.  



2.2. Preparation of the material 

Olive cake obtained from the mill had an average moisture content of 50 %, so it was dried at 40   

°C in a biomass dryer until it reached 12 %, which is optimal for storage and pelletization. 

The cake was then milled using a laboratory hammer mill ("ABC Engineering", Pancevo, Serbia) 

where a sieve with a mesh size of 4 mm was used. Hammer mill was used to increase specific 

surface area of the material particles thus making the pelletization easier, because larger surface 

area of particles per unit volume is available for absorption of water and condensed steam during 

the process of conditioning. Grinding also improves the quality of the pellets due better packing 

of particles and reduction of gaps between them, so there are fewer weak points in pellets. 

Olive cake can be pelletized with the addition of binders (as prescribed by DIN standard 51 731 

to a maximum of 2 %). In order to determine the least amount of binder without negative 

influence on pellet quality, material was pelletized without binder and with addition of binder in 

an amount of 1 and 2 %. Lignocelluloses material was used as a binder in order to avoid 

introduction of any inorganic components to biomass pellets. 

Material was used as unconditioned or it was conditioned by addition of steam. Steam 

conditioning was carried out in two-shaft paddle conditioner/mixer (SLHSJ0.2, Muyang Group, 

China) where steam was added directly into the material at a pressure of 2 bars, to achieve the 

desired temperature of 50 and 80 °C, respectively. Material was held in the conditioner/mixer 

until it reached the desired temperature, and afterwards was released into the heat insulated 

receiving hopper below the mixer. Time necessary to achieve desired temperatures was 

approximately 45 and 60 seconds, respectively.  

The combination of the parameters: conditioning and addition of binder resulted in nine 

combinations of materials for each olive cake cultivar, which makes a total of 36 combinations 

for pelletization (shown in table 2). 

Table 2. Combination of material 

 Conditioning Binder 

1 No conditioning No binder 

2  1 % binder 

3  2 %binder 

 



4 Conditioned at 50 ° C No binder 

5  1 % binder 

6  2 %binder 

 

7 Conditioned at 80 ° C No binder 

8  1 % binder 

9  2 %binder 

 

2.3. Pelletization of the olive cake 

Prepared olive cake was pelletized in vertical pellet press (Pellet Press 14-175; Amandus Kahl) 

using die with a diameter of die openings 6 mm and a thickness of 24 mm. Temperature of the 

die during pelletization ranged from 70-75  °C, and the throughput was 20 kg/h. 

The pellets were cooled in vibrating drier/cooler (model FB 500x200, "Amandus Kahl", 

Germany), for 10 minutes at air temperature 20 °C and the material flow of 18 kg/h. 

 

2.4. Chemical analyses 

Proximate analyse on the samples were done: moisture content [18], ash content [19], volatile 

mater [20] and fixed carbon (calculated by difference between 100 and the sum of volatile 

matter, ash and moisture). Ultimate analyses done on the samples were: content of C, H, N [21] 

and S [22], higher heating value (HHV) and lower heating value (LHV) [23]. 

 

2.5. Physical analyses 

Abrasion was determined with “Pfost” abrasion test device, Bühler, Switzerland. Two 500 g 

samples of pellets, separated from fine particles by using the sieve with a mash size of 4.8 mm 

(0.8 x pellet diameter), were subjected to abrasion action in two rotating boxes at 50 rpm. After 

10 minutes, pellets were sieved using the same sieve and the amount of fine particles was 

determined and expressed as a percentage.   

Density was determined by the hydrostatic method using analytical balance, with ethanol as a 

medium for wetting. Glass cup filled with liquid ethanol was placed on platform of the balance. 

The sample is placed in a cage that is fixed to a vertical bracket that has no physical contact with 



the glass. The difference in weight between the empty system and the sample in the cage allows 

the determination of the volume of the sample and density calculation using the formula [24]: 

u=(mu / me) e 

where u is the density of the sample, mu sample mass, me mass of ethanol, e density of ethanol 

at a certain temperature 

Length of the pellets was measured by calliper. 

 

2.6. Statistical analyses 

Descriptive statistical analyses for all the obtained results have been expressed by means, 

standard deviation (SD), variance, minimums and maximums, for each olive cultivar. Collected 

data have been subjected to one-way analysis of variance (ANOVA) for the comparison of 

means, and significant differences are calculated according to post-hoc Tukey’s HSD (“honestly 

significant differences”) test at p<0.05 significant level, 95% confidence limit. Furthermore, 

principal component analysis (PCA) has been applied successfully to classify and discriminate 

the different cultivars of olive. Pattern recognition technique has been applied within results 

descriptors to characterize and differentiate all varieties of olive cakes. The evaluation of one-

way ANOVA and PCA analyses of the obtained results has been performed using StatSoft 

Statistica 10.0® software [25].  

 

2.7. Determination of normalized standard scores (SS)  

In order to get a more complex observation of the ranking of olive cake quality, standard scores 

(SS) are evaluated using chemometric approach by integrating the measured values generated 

from different physical and chemical quality evaluation methods. 

Min-max normalization is one of the most widely used technique to compare various 

characteristics of complex samples determined using multiple measurements, where samples are 

ranked based on the ratio of raw data and extreme values of the measurement used [26, 27]. 

Since the units and the scale of the data from various physical and chemical characteristics are 

different, the data in each data set should be transformed into normalized scores, dimensionless 



quantity derived by subtracting the minimum value from the raw data, and divided by the 

subtract of maximum and minimum value, according to following equations: 

max
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, in case of “the lower, the better” criteria. 

 

where 
i

x  represents the raw data.  

Normalized scores of the most of physical and chemical properties are evaluated using above 

written equations, except for moisture and length parameters, which are evaluated according to 

optimal values, using trapezoidal function, as follows: 
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, in case of “optimal range” criteria.  

where m and n are minimum and maximum of optimal range values (written in Table 4, 5 and 6).  

The sum of normalized scores of a sample for different measurements when averaged give a 

single unitless value termed as SS, which is a specific combination of data from different 

measuring methods with no unit limitation. This approach also enables the ease of employing 

some others set of olive cakes to this elaboration in the future comparisons. 

Standard score for integrated physical and chemical quality for olive cakes are calculated and the 

results have been written to Table 8. 

 

3. Results and discussion 



3.1. ANOVA analyses with post-hoc Tukey’s HSD  

Each of the process variables has been coded, as shown in Table 3, and these codes are used for 

easier representation of experimental data.  

 

Table 3. Coded variables 

Code 1 2 3 4 

Cultivar  I. Bjelica Buža Leccino Pendolino 

Conditioning temp. (
o
C) without 50 80 - 

Binder (%) 0 1 2 - 

 

Analysis of variance (Table 7) and the following post-hoc Tukey’s HSD test have been evaluated 

for comparison of chemical and physical parameters. Statistically significant differences have 

been found in most cases, and the most influential variable was cultivar type, as expected. The 

influence of conditioning temperature is also observed, found statistically significant at p<0.05 

level. The impact of binder is far less important than these two factors, but still statistically 

significant.  

Ultimate analyses (C, H, N and S content) of four different olive cake cultivars (I. Bjelica, Buža, 

Leccino and Pendolino) are presented in Table 4 and the ANOVA calculation of these 

parameters in Table 7. The most important chemical parameters are contents of nitrogen and 

sulphur as these elements can cause environmental pollution when forming NOx and SO2 during 

pellet combustion. The levels of nitrogen were somewhat higher (0.96 – 1.07 %) than for 

example in wood pellets, but still below levels in previous investigation, where Miranda et al 

(2012) [16] found 1.98 % of nitrogen in olive cake pellets. The differences are logical given that 

the cultivar influences the proportion of nitrogen, and in most studies it is not specified on which 

cultivar is the investigation done. Cultivars I. Bjelica and Buža had, on average, the lowest 

nitrogen content. On the other hand, levels of sulphur were found to be very low, i.e. below 0.1 

%, which is less than in wood pellets [28], and similar to the grape pomace pellets [29]. From 



this point of view, there could be some limitations during combustion of pellets regarding 

nitrogen oxide emissions. 

Carbon levels proved to be higher than in some other agricultural residues, such as grape pomace 

[29] as well as in wood [28]. Higher carbon content in the fuel contributes to higher emissions of 

carbon oxides. Nevertheless, biomass during its growth adopts a large part of carbon dioxide, so 

his release during its combustion does not contribute to environmental pollution such as burning 

fossil fuels. In addition to affecting the emission of CO2, carbon has a role in the heating value of 

raw materials.  

 

Table 4. Ultimate analysis of pellets 

Cultivar 
Descriptive 

statistics 

C 

(%) 

H 

(%) 

N 

(%) 

S 

(%) 

1 Mean 54.30 7.35 0.70 0.07 

 SD 1.41 0.21 0.03 0.00 

 Variance 1.98 0.04 0.00 0.00 

 Min. 52.05 6.99 0.65 0.06 

 Max. 57.84 7.88 0.77 0.08 

2 Mean 54.30 7.35 0.70 0.07 

 SD 0.65 0.33 0.06 0.01 

 Variance 0.43 0.11 0.00 0.00 

 Min. 55.87 7.61 0.98 0.07 

 Max. 58.37 8.98 1.25 0.09 

3 Mean 55.76 7.78 1.04 0.08 

 SD 1.54 0.41 0.11 0.02 

 Variance 2.36 0.17 0.01 0.00 

 Min. 52.15 7.12 0.79 0.05 

 Max. 58.26 8.98 1.25 0.12 

4 Mean 54.38 7.49 1.00 0.07 

 SD 1.62 0.27 0.16 0.02 

 Variance 2.62 0.07 0.03 0.00 

 Min. 51.05 6.98 0.69 0.05 

 Max. 58.36 8.10 1.38 0.11 

Polarity  + + - - 

Polarity: ‘+’ = the higher the better criteria, ‘−’ = the lower the better criteria. 



The results of proximate analysis (moisture and ash content, fixed carbon and volatile matter 

content) and HHV, LHV of oil cake are presented in Table 5, and the ANOVA calculation of 

these parameters in Table 7. Statistically significant differences of samples have been found in 

most cases, for various observed assays.  

All of the samples had ash percent below 2.0, which is lower than literature data for olive cake 

pellets where 5.6 % of ash was determined (Miranda et al, 2012) [16] and also lower than some 

other biomass pellets such as straw and grape pomace pellets [29, 30]. When fuel with higher ash 

content is combusted, it causes the appearance of slag and deposit in the furnace and raises dust 

emissions [30].  As forest residues and wood contain less ash than agricultural biomass addition 

of those materials or combined pelletization can be used to lower the ash content [7, 29].  

Considering heating values of the pellets, they can be classified as a good fuel, since the values 

were high; HHV was above 22.0 MJ/kg, which is higher than wood pellets, which are mostly 

used as a fuel. Heating value of the biomass depends on its chemical and proximate composition. 

A higher proportion of carbon and hydrogen positively contributes to the heating value, as well 

as lower ash content [31].    

Fixed carbon content varied between 14.27 to 17.97% which includes all the 36 samples. 

Biomass mainly contains lesser amounts of this parameter compared to solid fossil fuels, which 

is one of the reasons for its slightly lower heating value. A higher proportion of fixed carbon has 

an impact on increasing the calorific value of the fuel [32], so it’s higher content is desirable 

characteristics for the fuel. Variation of its content comes primarily due to different chemical 

composition of biomass. For example, grape pomace has about 25% fixed carbon [29], while 

other agricultural residues like corn cob, wheat straw that is between 16 and 18% [33]. 

The highest average content of volatile matter had pellets from cultivar Leccino as shown in 

Table 5. Volatile matter is, like the content of fixed carbon, under the influence of moisture, ash, 

coke and the fixed carbon. For this reason, conditioning treatment had an effect on this 

parameter. Biomass contains more volatile compounds compared to fossil fuels. Higher level of 

volatiles contributes positively to heating value of the fuel  [32]. 

As the statistical analyses showed conditioning temperature has been the most important variable 

for moisture content and fixed carbon. That is understandable since conditioning directly affects 



the moisture content of the material. Ash content and HHV are mostly affected by cultivar type, 

while LHV has been influenced almost equally by both conditioning temperature and binder 

percent. Fixed carbon and volatile content are complexly impacted by linear and nonlinear terms 

in ANOVA calculation.  

 

Table 5. Proximate analysis of pellets 

Cultivar 

Descriptive 

statistics 
Moisture 

(%) 

Ash 

(%) 
HHV 

(MJ/kg) 

LHV 

(MJ/kg) 

Fixed 

carbon 

(%) 

Volatile 

matter 

(%) 

1 Mean 9.62 1.92 22.42 20.82 16.41 80.39

 SD 2.23 0.02 0.15 0.14 0.86 0.81

 Variance 4.99 0.00 0.02 0.02 0.74 0.66

 Min. 7.04 1.87 22.13 20.54 14.59 78.64

 Max. 12.50 1.97 22.75 21.11 18.26 81.95

2 Mean 9.62 1.92 22.42 20.82 16.41 80.39

 SD 2.10 0.02 0.22 0.24 0.75 0.87

 Variance 4.39 0.00 0.05 0.06 0.57 0.76

 Min. 6.10 1.51 22.10 20.33 15.42 77.90

 Max. 11.18 1.59 22.95 21.18 18.60 81.70

3 Mean 9.03 1.85 22.54 20.85 14.27 82.53

 SD 1.57 0.02 0.19 0.22 5.91 6.42

 Variance 2.48 0.00 0.04 0.05 34.89 41.26

 Min. 7.18 1.82 22.23 20.30 -1.86 78.79

 Max. 11.05 1.89 22.85 21.18 17.50 100.00

4 Mean 9.06 1.84 22.46 20.83 15.93 80.26

 SD 2.13 0.02 0.25 0.25 0.51 0.91

 Variance 4.56 0.00 0.06 0.06 0.26 0.83

 Min. 7.00 1.80 22.02 20.34 15.09 78.49

 Max. 12.00 1.89 22.96 21.33 17.21 81.60

Polarity   0pt. 

<10% 

- + + + +  

Polarity: ‘+’ = the higher the better criteria, ‘−’ = the lower the better criteria. 

 

Physical properties (particle density, abrasion and length) of different olive cultivars are 

presented in Table 6, and the ANOVA calculation in Table 7. Statistically significant differences 

have been found in most cases, mostly influenced by conditioning temperature (p<0.05).   



Particle density of all samples was above 1.20 g/cm
3
, which is similar to density of wood pellets 

[35]. Density of pellets was dependent on parameters of conditioning treatment. Pellets 

conditioned at 50 °C had the highest density in comparison with pellets produced without steam 

conditioning or pellets made of material which was conditioned at 50 °C. Moisture of the 

material has an effect on the pellet density in a way that higher moisture content lowers the 

density of pellets [36]. For material conditioned at 80 °C this was consequence of lowered 

friction in die channels, which caused lower compression force, and thus lesser compaction of 

material. On the other hand, water has binding effect due to formation of liquid bonds between 

particles. Therefore, lack of water in material which was not steam conditioned caused 

insufficient connection between particles, and thus pellets had lower density. It seems that 

conditioning temperature of 50 °C was optimal for production of dense pellets, which is 

important for the combustion characteristics for dense materials exhibit a longer burning time 

[30]. 

Abrasion was determined to establish the percentage weight loss of pellets "decay" in the dust 

due to mechanical damage during transport. This parameter has to be taken into account in the 

transport and combustion systems, as higher abrasion can cause malfunctioning of transportation 

systems, and also leads to higher dust emissions [30]. 

Abrasion values of the pellets varied from 3.43 to 15.29 %, with significant differences within 

cultivars. The data obtained are consistent with the literature data where Miranda et al (2012) 

[16] reported 8.59% abrasion (91.41% durability).  

Conditioning of material and binder addition reduced abrasion of pellets of all cultivars.  

Conditioning increased the moisture content of the material as well as exposed it to higher 

temperatures, which facilitated the binding of particles [10].  Fasina (2008) [34] concluded that 

the increase in moisture from 5 to 10% reduced the abrasion of pellets from biomass, while a 

further increase in moisture content up to 20%, increased its value. Increasing the moisture 

content in material for pelletization can strengthen the bonds between the particles, but excess 

moisture can cause the opposite effect. Therefore, it is necessary to determine the optimum 

moisture content for specific raw material to be pelleted, depending on its chemical composition 

and/or physical properties. In this research pellets made of material conditioned at 80 °C (higher 

temperature and higher moisture content) resulted with the lowest abrasion of pellets. When 



comparing the results of abrasion of pellets for different binder content, it can be seen that all the 

pelleted samples had relatively high abrasion values. However, lowest average abrasion of 

pellets was achieved with addition of 2% of binder. Decrease in abrasion with addition of binder 

is in consistence with the literature on wood pellets [35].  

The length of pellets in this study ranged between 7 and 13 mm. Statistical analysis of the data 

presented in table 7 showed a significant effect of cultivar and conditioning treatment on the 

length of pellets. Pellets made of unconditioned material were shorter for all cultivars, which 

indicate that increase of the moisture and temperature during conditioning process had an impact 

on the length of the pellet. This can be attributed to better bonding of the particles under the 

influence of conditioning, and thus decrease of number of weak points in the pellets. Water in the 

form of steam or liquid throughout formation of cohesive forces enables binding of particles in 

pellets. Additionally, water can promote chemical reactions between specific components, which 

can have beneficial effect on integrity of pellets [8, 10]. Likewise with abrasion of pellets, binder 

content also showed a significant effect on the length of pellets. Optimal binder content for 

higher pellet length was 1%. Berghel et al (2012) [37] also showed that addition of binder 

improved pellet length. 

 

Table 6. Physical properties of pellets 

Cultivar Descriptive 

statistics 

Particle 

density 

(g/cm
3
) 

Abrasion 

(%) 

Length 

(mm) 

1 Mean 1.24 9.51 11.94 

 SD 0.02 3.93 1.14 

 Variance 0.00 15.47 1.31 

 Min. 1.20 5.18 8.78 

 Max. 1.27 15.96 13.36 

2 Mean 1.24 9.51 11.94 

 SD 0.03 3.99 2.93 

 Variance 0.00 15.91 8.57 

 Min. 1.20 4.40 5.58 

 Max. 1.31 15.21 13.38 

3 Mean 1.26 7.06 11.03 

 SD 0.03 2.84 2.38 

 Variance 0.00 8.07 5.64 



 Min. 1.21 4.00 6.70 

 Max. 1.31 11.30 13.15 

4 Mean 1.25 6.89 11.03 

 SD 0.02 3.79 2.53 

 Variance 0.00 14.35 6.40 

 Min. 1.21 3.40 6.97 

 Max. 1.30 13.90 13.49 

Polarity  + - Opt. <30 

mm 
Polarity: ‘+’ = the higher the better criteria, ‘−’ = the lower the better criteria. 

 

Table 7. ANOVA table (sum of squares for each assay) 

 Ultimate analysis Physical properties Proximate analysis 

 

C H N S Particle 

density 

Abrasion Length Moisture Ash HHV LHV Fixed 

carbon 

Volatile 

Interc. 334530
*
 6484

*
 98

*
 0.64

*
 170

*
 7161

*
 13494

*
 9015

*
 349

*
 54859

*
 47039

*
 26151

*
 703918

*
 

C 98.97
*
 7.93

*
 2.31

*
 0.00

*
 0.01

*
 152.20

*
 23.76

*
 9.19

*
 2.09

*
 0.31

*
 0.01 134.25

*
 128.70

*
 

T 3.99
*
 0.60

*
 0.01

*
 0.00

*
 0.03

*
 1242.54

*
 469.56

*
 406.45

*
 0.00

*
 0.06 0.10

*
 302.36

*
 99.47

*
 

B 0.25 0.42
*
 0.01

*
 0.00

*
 0.02

*
 48.22

*
 1.37

*
 0.02

**
 0.00

*
 0.17

*
 0.08

**
 240.03

*
 101.36

*
 

C×T 3.47
*
 0.64

*
 0.02

*
 0.00

*
 0.01

*
 46.24

*
 62.66

*
 19.11

*
 0.00

*
 0.16 0.21

*
 325.13

*
 240.50

*
 

C×B 3.09
*
 0.77

*
 0.01

*
 0.00

*
 0.00

*
 8.49

*
 6.21

*
 0.01 0.01

*
 0.05 0.08

**
 199.62

*
 219.16

*
 

T×B 0.82 0.01 0.01
*
 0.00

*
 0.00 20.79

*
 2.05

*
 0.01 0.00 0.05 0.04 5.00

*
 0.21 

C×T×B 4.30
*
 0.25

*
 0.03

*
 0.00

*
 0.00

*
 31.68

*
 3.80

*
 0.07

**
 0.00

*
 0.39

*
 0.31

*
 23.12

*
 5.65

*
 

Error 6.96 0.17 0.00 0.00 0.00 0.17 0.26 0.24 0.01 1.08 1.04 0.62 13.58 

*
Significant at p<0.05 level, 

**
Significant at p<0.10, level 95 % confidence limit, error terms have been found 

statistically insignificant, C-cultivar, T-conditioning temperature, B-binder. 

3.2. Standard score analysis 

SS as the mean value of standard score transformed from the initial data generated with different 

methods (assays) for each item has been calculated assigning each applied measuring parameter 

the equal weight. In this integrated approach SS is in a numerical scale with no units and has a 



consistent agreement with chemical and physical quality evaluation methods. Although it is a 

relative index and may not represent a specific property of different olive cake pellets 

characteristics, SS provides a reasonably accurate rank of olive cakes pellets. 

In this article, standard scores are calculated for integrated chemical and physical characteristics 

and obtained data are presented in Table 8. SS above 0.60 stands for the high standard in 

chemical and physical properties. Olive cake pellets with SS value below 0.60 is attributed with 

poorer physical or chemical characteristics. Using the standard score analysis and revealing the 

SS of different olive cakes and different processing parameters can be referenced for developing 

strategies for improving final product characteristics. The addition of binder or additional 

thermal treatment could be introduced to reduce the negative effect of their inherent properties 

(cultivar type) on the final score.



Table 8. Experimental design (coded) and SS of pellets 

Run 

No. 
Cultivar 

Temp. 

(
o
C) 

Binder 

(%) 
SS 

1 1 1 1 0.60 

2 1 1 2 0.58 

3 1 1 3 0.65 

4 1 2 1 0.62 

5 1 2 2 0.62 

6 1 2 3 0.59 

7 1 3 1 0.51 

8 1 3 2 0.50 

9 1 3 3 0.53 

10 2 1 1 0.63 

11 2 1 2 0.60 

12 2 1 3 0.63 

13 2 2 1 0.66 

14 2 2 2 0.63 

15 2 2 3 0.63 

16 2 3 1 0.57 

17 2 3 2 0.59 

18 2 3 3 0.61 

19 3 1 1 0.53 

20 3 1 2 0.65 

21 3 1 3 0.64 

22 3 2 1 0.45 

23 3 2 2 0.54 

24 3 2 3 0.54 

25 3 3 1 0.48 

26 3 3 2 0.54 

27 3 3 3 0.42 

28 4 1 1 0.59 

29 4 1 2 0.62 

30 4 1 3 0.63 

31 4 2 1 0.58 

32 4 2 2 0.57 

33 4 2 3 0.60 

34 4 3 1 0.48 

35 4 3 2 0.47 

36 4 3 3 0.40 

 



Standard scores analysis showed that the optimum physical and chemical characteristics have 

been experienced with olive cultivar “Buža“, conditioned at 50 
o
C, and with no binder added 

(0.66). Generally, cultivar Buža was the best cultivar, with the highest nuber SS results (above 

0.60, average was 0.62), followed by I.Bjelica (average was 0.58), while Leccino and Pendolino 

had the poorest pellet quality (averages were 0.55 and 0.53, respectively). As can be seen from 

SS analyses olive cake pellets with equally good characteristics can be produced by conditioning 

at 50 °C and without conditioning. Pellets produced from olive cake conditioned at 80 °C had 

lower quality. This is of great importance since conditioning rises the cost of pellet production.  

Somewhat better quality pellets are obtained when adding binder to the material, but with no 

significant differences between 1 and 2 %. Therefore addition of 1 % could be recommended.  

The addition of binder did not affect pellet quality as significantly as conditioning temperature 

(this was also concluded by ANOVA). This may be due to the low percent of binder, as previous 

investigation showed a considerable improvement in pellets physical characteristics when more 

binder (up to a certain point) was added [35,37]. However, this binder percentage range was 

chosen in the experiment while EU standards for fuel pellets allow additives up to 2%.  

 

3.2. Principal component analyses (PCA) 

The PCA allows a considerable reduction in a number of variables and the detection of structure 

in the relationship between measuring parameters, different olive cultivars and process 

parameters that give complimentary information. All samples have been produced with different 

olive cultivars and various conditioning treatment and binder percent as shown by experimental 

design (Table 3, Table 8) and predicted by PCA score plot (Figure 1). The full auto scaled data 

matrix consisting of four different varieties of olive cultivars with different technological 

treatment are submitted to PCA.  

For visualizing the data trends and the discriminating efficiency of the used descriptors a scatter 

plot of samples using the first two principal components (PCs) issued from PCA of the data 

matrix is obtained (Figure 1). As can be seen, there is a neat separation of the four varieties of 

olive cake, according to used assays for all integrated chemical and physical quality. Quality 

results show that the first two principal components, accounting for 58.09 % of the total 



variability can be considered sufficient for data representation and the first two principal 

components for integrated chemical and physical quality. Chemical parameters ash content, 

HHV and LHV have been found most influential for first factor coordinate calculation, while the 

contribution of moisture content, length and abrasion have been most important variables for 

factor coordinate calculation. 

The influence of processing parameters can be observed on Fig. 1, with lower temperature 

regime at the bottom, and lower binder content at the right side of graphic. PCA graphic showed 

good discrimination characteristics between cultivars I. Bjelica and Buža, which were found 

different mostly due to their ultimate analysis properties, HHV, LHV and ash content. Leccino 

and Pendolino cultivars showed to be very influenced by binder content. Samples having the 

highest C and H, content (also HHV), located at the left side of PCA biplot graphic showed 

better SS results, 0.63-0.66, (No 13, 14 and 15). Samples with lower moisture content (No 10, 

12, 19, 21 and 30) also showed better SS results, in range of 0.63-0.65. Low nitrogen and sulphur 

content have been observed for samples No 3, 4 and 5, which also showed better SS results.  
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Figure 1. Biplot for characteristics of olive cake pellets 

 

4. Conclusion 

Investigation concerning the utilization of olive cake cultivars Istarska Bjelica, Buža, Leccino 

and Pendolino for production of fuel agro-pellets, suggests following conclusions. 

Due to statistically significant differences among olive pellets samples (related to physical and 

chemical quality), characterization of various olive cultivars, subjected to different technological 

treatments has been introduced. 

The produced pellets had acceptable quality for energy utilization. All the samples had high 

particle density, high heating values, low ash content and low sulphur content. . The applied 

technological treatment had statistically significant influence on fuel characteristics (fixed carbon 

and volatiles). Overall high contents of volatile substances and fixed carbon, were established 

which contributes to better combustion characteristics of pellets.  The higher heating value was 

slightly influenced by the cultivar, with a heating value of all cultivars above 22 MJ/kg. From the 

above mentioned it can be concluded that the pellets from olive cake present good fuel for 

heating energy generation. 

Limitations regarding combustion of pellets can be established due to elevated nitrogen content 

and higher percent of abrasion. These defects can possibly be diminished by adding wood 

biomass to pelletization blend. 

Since the pellet quality is influenced by so many parameters and they are altered as the 

technological treatments change, standard score analysis (SS) has been applied for evaluating the 

quality of pellets, in conjunction with PCA. These analyses compiled both physical and chemical 

properties uniting them into a unique system.  Similar results have been obtained with both 

analyses, pointing out that olive pellets “Buža“, processed at optimal processing parameters 

(temperature 50 °C, with no binder added), gained the best score (0.66 of 1.00). Generally 

cultivar “Buža” achieved the best pellet quality. It was concluded that equally good pellets can 

be produced with conditioning at 50 °C and without conditioning, while conditioning at 80 °C 

didn’t achieve as good results. This is of great importance in practical pellet production, while it 



enables energy savings. In this manner the producers of olive oil could use their waste and 

successfully produce heating energy.   

Using the principal component analysis (PCA) and revealing the coordinates of different olive 

cake pellet samples, the position regarding quality data and directions for the improving of their 

characteristics can be realized. 
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