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SUMMARY

This article investigates the effect of processing parameters (conditioning temperature and
binder content), on final quality of produced agro-pellets for heat energy generation, obtained
from four different olive cultivars using different technological parameters. Technological,
physical and chemical properties of pellets (carbon, hydrogen, nitrogen and sulphur content,
particle density, abrasion length, moisture, ash content, higher and lower heating values,
fixed carbon and volatile matter content) have been determined to assess their quality. The
performance of Artificial Neural Network (ANN) was compared with the performance of
second order polynomial (SOP) model, as well as with the obtained experimental data in
order to develop rapid and accurate mathematical model for prediction of final quality
parameters of agro-pellets. SOP model showed high coefficients of determination (),
between 0.692 and 0.955, while ANN model showed high prediction accuracy with r*
between 0.544 and 0.994.
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INTRODUCTION

Due to global reduction in fossil energy sources, investigations have turned to renewable
sources. Among renewable energy sources, biomass particularly stands out because it can be
used to cover a variety of energy needs and it can also be stored, unlike other renewable
energy sources, [1]. The use of biomass as an energy source also enables closing of the
carbon cycle, which is not the case when fossil fuels are used, [2].

Widely available biomass is agricultural waste. In order to meet the world’s trends in waste
utilization and valorisation, olive oil mill waste, i.e. olive cake, has been used in this research
as an potential energy source (prepared as agro-pellets). Due to the initiatives and stimulants
from the Croatian government olive oil production has been increasing in the last ten years.
Therefore, the quantities of olive cake have also risen. Croatia currently produces about

38,000 tons of olives per year, with the average yield of 2.2 t/ha which results with



approximately 16,000 tons of fresh olive cake, [3]. That is a large quantity considering the
narrow coastal area of Croatia where olives are grown. This kind of waste has a negative
influence on the environment due to its chemical composition and therefore cannot be
disposed to the conventional landfill. One of the solutions for olive cake disposal is
production of fuel pellets. Pelletized material is much easier to manipulate and store,
moreover it has higher density and better heating value/volume ratio, [4].

Results of quality analyses of olive cake pellets obtained in a previous investigation were
used in this paper, [5]. Improved mathematical approach of the previously obtained results
was applied in order to more accurately analyse the quality of the produced agro fuel pellets
in order to optimize the pelleting process. The goal is to obtain high quality fuel pellets which
are in accordance with European standards for fuel pellets and are produced with no
unnecessary costs.

Response surface methodology (RSM) is used as an effective tool for optimizing a variety of
processes, [6-8].The main advantage of RSM is reduced number of experimental runs that
provide sufficient information for statistically valid results. The RSM equations describe
effects of the test variables on the observed responses, determine test wvariables
interrelationships and represent the combined effect of all test variables in the observed
responses, enabling the experimenter to make efficient exploration of the process.

Nonlinear models are found to be more suitable for real process simulation. Response Surface
Methodology (RSM) and Artificial Neural Network (ANN) models have gained momentum
for modelling and control of processes, [9, 10].

ANN models are recognized as a good modelling tool since they provide the empirical
solution to the problems from a set of experimental data, and are capable of handling
complex systems with nonlinearities and interactions between decision variables, [11]. The
specific objective of this study was to investigate the effect of olive cultivar, conditioning
temperature and binder content on technological, physical and chemical properties of pellets
(carbon, hydrogen, nitrogen and sulphur content, particle density, abrasion length, moisture,
ash content, higher and lower heating values, fixed carbon and volatile matter content). The
performance of ANN was compared with SOPs, as well as to experimental data in order to
develop rapid and accurate prediction models.

The current study intends to investigate the effects of conditioning temperature and added
binder content on the final quality of agro-pellets produced from four different olive cultivars

using different technological treatments. Also, this investigation is focused on finding the



appropriate mathematical models for carbon, hydrogen, nitrogen and sulphur content, particle
density, abrasion and length, and also moisture and ash content, higher and lower heating
value (HHV and LHV), fixed carbon and volatile matter content, regarding observed process

parameters: conditioning treatment and added binder content.

MATERIALS AND METHODS

Raw-material

Pellets from four different olive cake cultivars were used in this research; 'Istarska Bjelica',
'Buza', 'Leccino' 1 '"Pendolino'. Olive cake was obtained from an olive oil mill in Istria,
Croatia. Parameters which were varied during preparation of olive cake for pelleting were
steam conditioning treatment (unconditioned, conditioned at 50 °C, and conditioned at 80 °C)
and amount of added binder (no binder, 1 % of added binder, and 2 % of added binder). The
treatments resulted in nine combinations for each of four cultivars used, making a total of 36
combinations for pelleting, which are presented in Table 1. Detailed description of the

preparation of the material and the process of pelleting of the olive cake is given in a previous

paper, [5].

Table 1.

Analyses of the pellets

Proximate analyse that were done on the samples were: moisture content, [12], ash content,
[13], fixed carbon (calculated by difference between 100 and the sum of volatile matter, ash
and moisture) and volatile mater, [14]. Samples were analysed for ultimate composition:
content of C, H, N, [15] and S, [16], HHV and LHV, [17].

Physical characteristics determined in this study were abrasion, density and length of pellets.
Abrasion was determined with abrasion test device “Pfost” (Biihler, Switzerland). Density
was analysed using the hydrostatic method on the analytical balance, with ethanol as a
medium for wetting. Length of the pellets was measured by calliper. Detailed description of

the preformed measurements is given in our previous work, [5].

Mathematical modelling



Descriptive statistical analyses for all the obtained results have been expressed as the mean +
standard deviation (SD). Furthermore, the evaluation of one-way ANOVA and PCA analyses
of the obtained results has been performed using StatSoft Statistica 10.0® software. 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. All

data are reported as means + standard deviations.

Response Surface Methodology
The experimental data used for the study of experimental results were obtained using a 4x3* full
factorial experimental design (3 levels-2 parameter), with 9 runs (4 blocks, for each of four
different cultivars), according to Response surface methodology, [18]. It was used to design
the final product quality, considering two factors: conditioning temperature and added binder
content.
The following second order polynomial (SOP) model was fitted to the experimental data.
Thirteen models of the following form were developed to relate thirteen responses (Y)
and two process variables (X), for each of four different olive cultivars:

Y =B, +iﬁ,§i X, +Zzlﬂ,§ﬁ X2+ Bl X X, k=1-13,1=1-4, (1)

i1 =1

where: B/,, B, B, B, are constant regression coefficients; Y/, either C, H, N or S

content, particle density, abrasion and length, moisture and ash content, HHV, LHV, fixed

carbon or volatile matter content; X, - conditioning temperature; X, - binder content.

Artificial Neural Network

The database for ANN was randomly divided to: training data (60%), cross-validation (20%)
and testing data (20%). The cross-validation data set was used to test the performance of the
network, while training was in progress as an indicator of the level of generalization and the
time at which the network has begun to over-train. Testing data set was used to examine the
network generalization capability. To improve the behaviour of the ANN, both input and
output data were normalized. In order to obtain good network behaviour, it is necessary to
make a trial and error procedure and also to choose the number of hidden layers, and the
number of neurons in hidden layer(s). A multi-layer perceptron models (MLP) consisted of

three layers (input, hidden and output). Such a model has been proven as a quite capable of



approximating nonlinear functions, [19] giving the reason for choosing it in this study. In this
work the number of hidden neurons for optimal network was ten. Broyden—Fletcher—
Goldfarb—Shanno (BFGS) algorithm was used for ANN modelling.

After defining the architecture of ANN, the training step was initiated. The training process
was repeated several times in order to get the best performance of the ANN, due to a high
degree of variability of parameters. It was accepted that the successful training was achieved
when learning and cross-validation curves approached zero. Testing was carried out with the
best weights stored during the training step. Coefficient of determination (r*) and sum of
squares (SOS) were used as parameters to check the performance (i.e. the accuracy) of the
obtained ANNSs. After the best behaved ANN was chosen, the model was implemented using
an algebraic system of equations to predict carbon, hydrogen, nitrogen and sulphur content,
particle density, abrasion and length, and also moisture and ash content, higher and lower

heating value (HHV and LHV), fixed carbon and volatile matter content.

Sensitivity analysis

Sensitivity analysis is a sophisticated technique which is necessary to use for studying the
effects of observed input variables and also the uncertainties in obtained models and general
network behaviour. Neural networks were tested using sensitivity analysis, to determine
whether and under what circumstances obtained models might result in an ill-conditioned
system, [20]. On the basis of developed ANN models, sensitivity analysis was performed in
order to more precisely define the influence of processing variables on the observed outputs.
The infinitesimal amount (+0.0001%) has been added to each input variable, in 10 equally
spaced individual points encompassed by the minimum and maximum of the train data. These
signals were normally distributed with a constant intensity and frequency. It was used to test

the model sensitivity and measurement errors.

Normal standard score

Normal scores have been calculated for each assay, and were used for complex comparison
of observed samples, regarding their technological, physical and chemical properties listed in
Table 3 and Table 4. The ranking procedure between different samples has been performed
based upon the ratio of raw data and extreme values for each applied assay [5, 21, 22],

according to these equations:
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where x, represents the raw data.

Unlike others variables, normalized scores for moisture and length have been evaluated
according to optimal values, using trapezoidal function, as follows:

X—a

as<x<m,
m—a

A(x,a,m,n,b) = m<x<mn, 1 , (2)

X—n

n<x<b, 1-

-n
where x is whether moisture and length parameter, and the values of a, b, m and n are
function parameters. Interval a - b represent the range in which measured values occur in the
experiment (minimum and maximum values), while range m - n is the proposed optimal
values range for response variables, chosen for technological reasons. An optimization with
procedure was performed using MicroSoft Excel 2007 to determine the workable optimum

conditions for agro-pellets production.

RESULTS AND DISCUSSION
The agro-pellets production was studied in terms of common technological, physical and
chemical parameters, i.e. C, H, N and S content, particle density, abrasion and length,
moisture and ash content, HHV, LHV, fixed carbon and volatile matter content.

Each of the process variables has been coded, as shown in Table 2, and these codes are used

for easier representation of experimental data.

Table 2.

Response Surface Methodology

Ultimate analysis



Chemical characteristics (C, H, N and S content) of four different cultivars (Bjelica, ‘Buza’,
‘Leccino’ and ‘Pendolino’) of olive cake are presented in Table 3. Tukey's HSD test showed
significant differences for most cases.

The analysis of variance (ANOVA), exhibits the significant independent variables as well as
interactions of these variables. In this article, ANOVA was conducted by StatSoft Statistica,
ver. 10 to show the significant effects of independent variables to the responses, and to show
which of responses were significantly affected by the varying treatment combinations (Table
5).

The analysis revealed that the linear terms contributed substantially in all cases to generate a
significant SOP model. The SOP models for all variables were found to be statistically
significant and the response surfaces were fitted to these models.

The most influential variable for SOP model calculation was found to be the type of olive
cultivar. Non-linear terms of SOP models have been found most influential for C and H
content, while linear terms have been most important for N and S content calculation. The
influences of temperature and binder content are also observed, but far less important than the
cultivar type.

Nitrogen content is mostly affected by cultivar type, but the effects of conditioning
temperature and binder content have also been observed. Sulphur content is mostly affected
by cultivar type, but the influence of linear and quadratic terms of conditioning temperature
and binder content have been also noticed on p<0.05 statistically significant level.

Nitrogen and sulphur content should be especially monitored while these elements can be the
most harmful for the environment due to emission of polluting gasses during combustion.
Therefore it is desirable that their content is as low as possible. N content was in range from
0.69 to 1.07 (Table 3), which is slightly lower than in literature data, [23], and the minimum
content has been observed in pellets produced from 'Istarska Bjelica' cultivar. According to
European standards for fuel pellet quality the highest allowed concentration of nitrogen is 1.0
%, [24], therefore it is evident that these pellets are mostly in acceptable range. It is known
that wood as a raw material for the production of pellets has a lower proportion of nitrogen
than agricultural biomass, [25]. Johansson et al., [26], found only 0.08 % of nitrogen in wood
pellets. Coal on the other hand has about 1% nitrogen, [27], which is very similar to the
values obtained for olive cake pellets. Therefore olive cake pellets will cause equal nitrogen

oxides emissions as coal.



Produced pellets contained approximately 0.07 — 0.08 % of sulphur (Table 3), which is
consistent with data in the literature, [23], and highest allowed content by EU standards is
0.04, [24]. Minimum sulphur content has been observed in pellets made of 'Istarska Bjelica'
cultivar. Produced pellets exceed the proscribed boundaries, but according to [28], there are
pellets that are allowed 0.08 % S. Very small amounts of S can be found in wood and wood
pellets [26, 29], while on the other hand coal has much higher contents of S: 2 — 3 %, [27,
30]. Therefore biomass produces significantly less sulphur oxides during combustion.

Carbon content is affected by both quadratic and linear term in SOP model (statistically
significant at p<0.05 level), while the influence of binder content has been found to be
insignificant. Besides cultivar type, the most influential terms in SOP model of hydrogen
content are linear terms of conditioning temperature and binder content (p<0.05), and also the
nonlinear terms. As presented in Table 3, carbon content varied in the range from 53.53 to
57.68 % which is consistent with the literature, while hydrogen was also in common values:
7.26 — 8.22 [23, 3]. Slightly lower contents of carbon and hydrogen have been noticed in
pellets made of 'Istarska Bjelica' cultivar, compared to other cultivars. Carbon and hydrogen
are not limiting factors, thus their amount is not proscribed by standards. Moreover it is
desirable that material has higher content of C and H, while it contributes to higher heating

energy.

Physical properties

Physical properties (particle density, abrasion and length) are also presented in Table 3, and
the ANOVA calculation in Table 5. Statistically significant differences have been found in
most cases, mostly influenced by process temperature (p<0.05). Binder content has been
found as most influential variable for particle density calculation, while both linear and
quadratic terms of conditioning temperature have been found statistically significant at
p<0.05 level. Cultivar type showed minor impact on particle density, but still statistically
significant. Particle density of all samples was above 1.12 g/cm’ which is the value
proscribed by several EU standards, [28]. The density of the pellets treated with the same
conditioning treatment increased with the addition of binder, as shown in Table 3. Both
abrasion and length calculation are most influenced by conditioning temperature, while
cultivar type terms have been found statistically significant.

Abrasion of the pellets varied from 3.43 to 15.92 %. The highest allowed level of abrasion in

fuel pellets is 10.0 % according to [28]; therefore most of the produced pellets fall into this



range. Conditioning treatment and addition of binder decreases abrasion of all samples,
because conditioning increases moisture content of the material as well as exposes it to

elevated temperatures which facilitate particle binding, [32, 33].

Table 3.

Proximate analysis

The results of proximate analysis (moisture and ash content, HHV, LHV, fixed carbon and
volatile matter content) of oil cake is presented in Table 4, and the ANOVA calculation of
these parameters is presented in Table 5. Statistically significant differences of samples have
been found in most cases, according to Tukey's HSD test, for various observed assays.
Conditioning treatment has been the most important variable for moisture content and fixed
carbon.

Ash content and HHV were mostly impacted by cultivar type, while LHV was mostly
influenced by conditioning and binder content. ANOVA calculation showed complex
influence of linear and nonlinear terms for variables: fixed carbon and volatile matter.
Recommended moisture content is up to 10 %, which was the case for all pellets except the
ones made from material conditioned at 80 °C. Ash content varied in range: 1.54 — 1.95 %,
which is in boundaries proscribed by EU standards, [28], where the highest allowed value is
6.0 % of ash. Lower ash content increases heating value and improves combustion properties.
LHV proscribed by EU standards advise values in range: from > 16.0 to > 18 MJ/kg. All of
the samples had LHV higher than 20 MJ/kg and thus meet the proscribed norms.

Table 4.

Also shown in Table 5 is the residual variance where the lack of fit variation represents other
contributions except for the higher order terms. A significant lack of fit generally shows that
the model failed to represent the data in the experimental domain at which points were not
included in the regression, [34]. All SOP models had insignificant lack of fit tests, which
means that all the models represented the data satisfactorily.

The coefficient of determination, rz, is defined as the ratio of the explained variation to the
total variation and is explained by its magnitude, [18]. It is also the proportion of the

variability in the response variable, which is accounted for by the regression analysis. A high



1* is indicative that the variation was accounted and that the data fitted satisfactorily to the
proposed model (SOP in this case).

The 1% values for C (0.753), H (0.765), N (0.892) and S content (0.845), particle density
(0.841), abrasion (0.930) and length (0.899), moisture and ash content (0.955 and 0.719),
HHV, LHV, fixed carbon and volatile matter content (0.736, 0.697, 0.774 and 0.692,
respectively) were satisfactory and show the good fitting of the model to experimental results.
Table 6 shows the regression coefficients for the response SOP models of C, H, N and S
content, particle density, abrasion and length, moisture and ash content, HHV, LHV, fixed

carbon and volatile matter content used by Eq. (1) for predicting the values.
Table S.

Artificial Neural Network

All variables considered in the RSM, were also used for the ANN modelling. Determination
of the appropriate number of hidden layers and number of hidden neurons in each layer is one
of the most critical tasks in ANN design. The number of neurons in a hidden layer depends
on the complexity of the relationship between inputs and outputs. As this relationship
becomes more complex, more neurons should be added, [35].

The optimum number of hidden neurons was chosen upon minimizing the difference between
predicted ANN values and desired outputs, using SOS during testing as performance
indicator. Used multi-layer perceptron models (MLPs) were marked according to StatSoft
Statistica's notation. MLP was followed by number of inputs, number of neurons in the
hidden layer, and the number of outputs. According to ANNs summary, it was noticed that
the optimal number of neurons in the hidden layer for responses prediction was 9 (network
MLP 3-9-13), when obtaining high values of r* (0.914, 0.890 and 0.825 for training, testing
and validation period, respectively) and low values of SOS (0.059, 0.084 and 0.108 for
training, testing and validation period, respectively). The used activation functions were:
hyperbolic tangent for hidden layer and logistic, for output layer; used training algorithm
was BFGS 149. Performances of the optimal ANN, regarding r* between experimental

measurements and predicted results is presented on Table 6.

Table 6.



Optimal network, used for prediction of response variables was able to predict reasonably
well the output for a broad range of the process variables. The predicted values were very
close to the experimental (target) values in most cases, in terms of r* value for both SOP and
ANN models.

It can be seen that the r* value for ANN model is greater than this associated with the SOP
model (except those for HHV and LHV calculation). Generally, ANN model is more
complex (186 weights-biases for calculation) than SOP, and it has performed better fitting of
experimental data due to the high nonlinearity of the developed system, [36, 37].

The mean and the standard deviation of residuals have also been analysed. The mean and
standard deviation (SD) of residuals is presented in Table 7. These results showed a good
approximation to a normal distribution around zero with a probability of 95% (2 x SD),
which means a good generalization ability of ANN model for the range of observed

experimental values.
Table 7.
Figure 1.

Sensitivity analysis

In order to or assess the effect of changes in the outputs due to the changes in the inputs, a
sensitivity analysis was performed. The greater effect observed in the output imply that
greater sensitivity is presented with respect to the input, [38]. Sensitivity analysis has been
performed to test an infinitesimal change in an input value in 10 equally spaced individual
points, ranged by the minimum and maximum of the observed assay, in order to explore the
changes in observed outputs. It is also used to test the model sensitivity and measurement

erTors.
Figure 2.

The influence of the input over the output variables, i.e. calculated changes of output
variables for infinitesimal changes in input variables, is shown on Figure 3. Obtained values
corresponded to level of experimental errors, and also showed the influence of cultivar type,

temperature and binder content on response variables.



According to Figure 3, particle density is mostly influenced by cultivar type, showing higher
values for ‘Leccino’ and ‘Pendolino’, then for 'Istarska Bjelica' and ‘Buza’. Temperature
becomes more influential at the maximum of input space, decreasing the particle density,
while binder content slightly increases this parameter at the maximum of input space.
Temperature of the treatment seems to be the most influential variable for abrasion and the
length of pellets, especially for temperatures close to minimum of input space (abrasion is
decreased, while the length is being increased for small changes in temperature). 'Istarska
Bjelica' and ‘Buza’ showed tendency for being more abrasive. The olive cultivar type is the
most important for prediction of ash content, as well as C, H, N and S content, as expected.
HHYV, fixed carbon and volatile matter are also mostly influenced by cultivar type, but the
final value of these responses could be increased if conditioned at higher temperatures. All of
these findings are in accordance with ANOVA analysis, as well as with experimental
measurements.

Normal standard score optimization of the thirteen response variables was accomplished in
order to find the processing variables (conditioning temperature and binder content), that give
optimal values of response variables. Trapezoidal membership function was used as
optimization method, according to Eq. 2, in which a - b covered the complete interval
(minimum and maximums), where obtained values for separately tested samples were found
during the experiment, and m - n represented the optimal values for observed product group
(written in Tables 3 and 4). The "higher the better" or the "lower the better" criteria have been
used according to the sign in "Polarity" raw in Tables 3 and 4, while moisture and length
parameters have been represented by their optimal values.

The objective function (F) is the mathematical function whose maximum would be
determined, by summing the FSE results for of the thirteen models, according to Eq. 1. Each
response variable (C, H, N and S content, particle density, abrasion and length, and also
moisture and ash content, HHV, LHV, fixed carbon and volatile matter content) has equal
weight, when calculating the function F.

The maximum of function F represents the optimal parameters for processing parameters, and
also the optimum for response variables. The three-dimensional graphs for four different olive
cultivars, were obtained using objective function to determine optimum production conditions,
regarding production parameters (conditioning temperature and binder content), Fig. 1. If the
value of membership trapezoidal function is close to 1, it shows the tendency of tested

processing parameters of being optimal. Three-dimensional plots were drawn for calculated



FSE data visualization (white coloured points) and for the purpose of observation. F functions
were plotted using RSM procedure, and the obtained coefficients of determinations in
ANOVA analysis, regarding the accuracy of fitting, were: 0.883 (for 'Istarska Bjelica'), 0.865
(for 'Buza'), 0.956 (for 'Leccino') and 0.973 (for 'Pendolino').

FSE analysis showed that the best results were obtained with conditioning treatment at 50 °C
and without binder addition for cultivar ‘Buza’ (maximum F=0.66), Fig. 1b.
‘Istarska.Bjelica’, (Fig. la) also had satisfactory results, with largest F=0.64, for lower
temperature regime (closer to 40 °C), and increased binder content (approx. 2%). Other two
cultivars (‘Pendolino’ (Fig. 1d) and ‘Leccino’ (Fig. 1c)) had somewhat lower results with
maximum F value of 0.63, with no conditioning and with binder content of 2%.

Generally the analysed agro-pellets had good quality for energy utilization and almost all
characteristics were within the limits of EU standards. Although these standards are primary
intended to regulate characteristic of pellets made from wood and wood residues, the

produced olive cake pellets were almost as good.

Figure 3.

CONCLUSION

Investigation concerning the utilization of olive cake cultivars ‘Istarska Bjelica’, ‘Buza’,
‘Leccino’ and ‘Pendolino’ for production of fuel agro-pellets, suggest following conclusions.
The applied Response Surface Methodology of data gave accurate results concerning pellet
quality. The obtained models presented good fitting to experimental results and had presented
them satisfactory.

Olive cultivar was the variable which had had significant influence on all the measured
parameters, especially on the ultimate analyses results. Physical characteristic were also
significantly affected by conditioning temperature and binder content. ANOVA calculation of
proximate analyses showed complex influence of linear and nonlinear terms and the
parameters were influenced by all variables.

The obtained results point out that olive pellets from cultivar 'Buza’, presented the best
quality when processed at 50 °C, without addition of binder (optimizing function gained its

maximum value of 0.66). However, this analysis also showed that agro-pellets made from



unconditioned material, with 2% addition of binder gave very good results (optimizing
function gained values ranging from 0.63 -0.64), except for 'Buza’ cultivar.

The produced pellets were mostly in boundaries proscribed by EU standards for fuel pellets,
thus it can be concluded that they present good quality fuel. Conditioning treatment at 80 °C
caused excessive rise of the moisture of the material, which consequently caused poorer
quality of pellets. Problem may occur during combustion of olive cake pellets due to elevated
nitrogen content in a form of high NO emissions.

SOP and ANN-based models were developed for prediction of C, H, N and S content, particle
density, abrasion and length, and also moisture and ash content, HHV, LHV, fixed carbon
and volatile matter content for a wide range of input variables. Both models are easy to
implement and could be effectively used for predictive purposes, modelling and optimization.
As compared to RSM, ANN model yielded a better fit of experimental data. Taking into
account that a considerable amount and wide variety of data were used in the present work to
obtain the ANN model, and considering that the model turned out to yield a sufficiently good

representation of the experimental results, it can be expected that it will be useful in practice.

AKNOWLEDGEMENTS

This article is written within the projects III 46005 and TR-31055, 2011-2014, funded by the

Serbian Ministry of Education, Science and Technological Development.

REFERENCES

[1] C. Gokcol, B. Dursun, B. Alboyaci, E. Sunan, Importance of biomass energy as
alternative toother sources in Turkey, Energ. Policy, 37(2009) 424-431.

[2] M. F. Demirbas, M. Balat, H. Balat, Potential contribution of biomass to the sustainable
energy development, Energ. Convers. .Manage., 50 (2009) 1746—1760.

[3] Croatian bureau of statistics, Statisticki ljetopis Republike Hrvatske (Statistical yearbook),
CROSTAT, RH, 2011.

[4] G. DiGiacomo, L. Taglieri, Renewable energy benefits with conversion of woody

residues to pellets, Energy, 34 (2009) 724-731.



[5] T. Brlek, L. Pezo, N. Voc¢a, T. Kricka, B. Vukmirovié, R. Colovié¢, M. Bodroza-Solarov,
Chemometric approach for assessing the quality of olive cake pellets, Fuel Process. Technol.,
16 (2013) 250 — 256.

[6] A. Dean and D. Voss, Design and Analysis of Experiments, Springer-Verlag, New York
1999.

[7] S.E. Maxwell and H.D. Delaney, Designing Experiments and Analyzing Data (2nd edn.).
Mahwah, NJ: Lawrence Erlbaum Associates, 2004.

[8] T.P. Ryan, Modern Experimental Design. Hoboken, Wiley, New Jersey, 2007.

[9] K. L. Priddy, and P. E. Keller, Artificial Neural Networks: An Introduction. Spie Press
Book. Belingham, 2005

[10] A. I. Khuri, and S. Mukhopadhyay, Response surface methodology. WIREs Comp.
Stat., 2 (2010) 128-149.

[11] J. S. Almeida, Predictive non-linear modelling of complex data by artificial neural
networks,. Curr. Opin.Biotech., 13 (2002) 72-76.

[12] NREL/TP-510-42621, Determination of Total Solids in Biomass and Total dissolved
Solids in liquid Process Samples, 2008.

[13] NREL/TP-510-42622, Determination of ash in biomass, 2005.

[14] CEN/TS 15148, Solid Biofuels—Method for the Determination of the Content of
Volatile Matter, European Committee for Standardization, 2005.

[15] CEN/TS 15104, Solid Biofuels—Determination of Total Content of Carbon, Hydrogen
and Nitrogen—Instrumental Methods, European Committee for Standardization, 2005.

[16] CEN/TS 15289, Solid Biofuels—Determination of Total Content of Sulphur and
Chlorine, European Committee for Standardization, 2006.

[17] CEN/TS 14918, Solid Biofuels—Method for the Determination of Calorific Value,
European Committee for Standardization, 2005.

[18] P. S. Madamba, The Response Surface Methodology: An Application to Optimize
Dehydration Operations of Selected Agricultural Crops, Lebensm.-Wiss. Technol., 35 (2002)
584-592.

[19] X. Hu and Q. Weng, Estimating impervious surfaces from medium spatial resolution
imagery using the self-organizing map and multi-layer perceptron neural networks, Remote
Sens. Environ., 113 (2009) 2089-2102.

[20] B. J. Taylor, Methods and procedures for the verification and validation of artificial

neural networks, Springer Science+Business Media, New York, 2006



[21] S.C., Sharma, Applied multivariate techniques, JohnWiley & Sons Inc., New York,
1996.

[22] J.H. Zar, Biostatistical analysis, 3rd ed., Prentice Hall Inc, Upper Saddle River, New
York, 1996.

[23] T. Miranda, S. Roman, J.I. Arranz, S. Rojas , J.F. Gonzalez , I. Montero, Emissions from
thermal degradation of pellets with different contents of olive waste and forest residues, Fuel
Process. Technol. 91 (2010) 1459-1463.

[24] European Pellet Council. Handbook for the Certification of Wood Pellets for Heating,
Purposes. Version 2.0, April 2013. En 14961 — 2.

[25] S. V. Vassilev, D., Baxter, L.K. Andersen, C.G. Vassileva, An overview of the chemical
composition of biomass, Fuel 89 (2010) 913-933.

[26] L. S. Johansson, B. Leckner, L. Gustavsson, D. Cooper, C. Tullin, A. Potter, Emission
characteristics of modern and old-type residential boilers fired with wood logs and wood
pellets. Atmos. Environ. 38 (2004) 4183—4195.

[27] S. Bilgen, K. Kaygusuz. The calculation of the chemical exergies of coal-based fuels by
using the higher heating values, Appl. Energ. 85 (2008) 776—785.

[28] A. Garcia-Maraver, V. Popov, M. Zamorano, A review of European standards for pellet
quality, Renew. Energ. 36 (2011) 3537 — 3540.

[29] V.K Verma, S. Bram, F. Delattin, P. Laha, 1. Vandendael, A. Hubin, J. De Ruyck, Agro-
pellets for domestic heating boilers: Standard laboratory and real life performance, Appl.
Energ. 90 (2012) 17 — 23.

[30] A.T. Atimtay, M. Varol, Investigation of co-combustion of coal and olive cake in a
bubbling fluidized bed with secondary air injection, Fuel 88 (2009) 1000—-1008.

[31] M. Varol, A. T. Atimtay, Combustion of olive cake and coal in a bubbling fluidized bed
with secondary air injection, Fuel 86 (2007) 1430-1438.

[32] N. Kaliyan, R.V. Morey, Factors affecting strength and durability of densified biomass
products, Biomass Bioenerg. 33 (2009) 337 — 359.

[33] R. Samuelsson, S. H. Larsson, M. Thyrel, T. A, Lestander. Moisture content and storage
time influence the binding mechanisms in biofuel wood pellets, Appl. Energ. 99 (2012) 109—
115.

[34] D. C. Montgomery, Design and Analysis of Experiments. 2nd Edn., John Wiley and
Sons, New York, 1984.



[35] B.L. Curéié, L.L. Pezo, V.S. Filipovi¢, M.R. Nicetin, V. Knezevi¢, Osmotic Treatment
of Fish in Two Different Solutions-Artificial Neural Network Model, J. Food Process. Pres.,
(2014) DOI: 10.1111/jfpp.12275

[36] S. Karlovi¢, T. Bosiljkov, M. Brn¢i¢, D. Jezek, B. Tripalo, F. Dujmi¢, 1. Dzineva and A.
Skupnjak, Comparison of artificial neural network and mathematical models for drying of
apple slices pretreated with high intensity ultrasound, Bulg. J. Agric. Sci., 19 (2013) 1372-
1377.

[37] P. B. Chattopadhyaya, and R. Rangarajana, Application of ANN in sketching spatial
nonlinearity of unconfined aquifer in agricultural basin, Agr. Water Manage., 133 (2014) 81-
91.

[38] L. Pezo, B. Curéié, V. Filipovi¢, M. Niéetin, G. Koprivica, N. Misljenovi¢ and L. Levié,
Artificial neural network model of pork meat cubes osmotic dehydration, Hem. Ind., 67

(2013) 465-475



Nauéni rad

THE QUALITY ANALYSES OF OLIVE CAKE FUEL PELLETS -
MATHEMATICAL APPROACH

Tea Brlek®, Lato L. Pezo*®, Neven Voéa® , Puro Vukmirovié¢®, Radmilo Colovié?,

.od .
Darko Kis®, Jovana Disalov®

? Institut za prehrambene tehnologije u Novom Sadu, Univerzitet u Novom Sadu, Novi Sad,
Srbija
® Institut za opstu i fizicku hemiju, Univerzitet u Beogradu, Beograd, Srbija
¢ Agronomski fakultet, SveuéiliSte u Zagrebu, Zagreb, Hrvatska

4 Poljoprivredni fakultet, Sveugiliste u Osijeku, Osijek, Hrvatska

SAZETAK

U ovom ¢lanku su ispitivani uticaja procesnih parametara (temperature kondicioniranja i
sadrzaj veziva), na kvalitet kona¢nog proizvoda, agro - peleta, koje se koriste za oslobadanje
toplotne energije, dobijene od cetiri razliCite vrste maslina, iskazan preko razlicitih
tehnoloskih parametara. Tehnoloske, fizicke i hemijske osobine peleta (sadrzaj ugljenika,
vodonika , azota i sadrzaj sumpora , zatim gustina Cestica , duzine, habanje , vlage , sadrzaja
pepela , gornje i donje toplotne moci, sadrzaj fiksnog ugljenika i sadrzaj lako zapaljivih
materija ) su odredeni da bi se izvrSila procena njihovog kvaliteta . U radu je izvrSeno
poredenje performansi neuronske mreze (engl. Artificial Neural Network - ANN) sa
razvijenim matematickim modelom u obliku polinoma drugog reda (engl. Second Order
Polynomial - SOP), kao i sa vrednostima dobijenim eksperimentalnim merenjima, u cilju
dobijanja dovoljno tacnog i adekvatnog matemati¢kog modela za predvidanje parametara
kvaliteta agro - peleta . SOP model je pokazao dobru ta¢nost, iskazanu visokim
koeficijentima determinacije ( R?) ,koji su bili izmedu 0.692 i 0.955, dok je ANN model
pokazao visok stepen poklapanja sa eksperimentalnim merenjima, sa R* vrednostima izmedu

0.54410.994 .

Kljuéne reci: pogaca masline; sorte masline; agro-pelete; peletiziranje; matemati¢ki model
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Table 1. Experimental design for each cultivar

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




Table 2. Codes

Code 1 2 3 4
Cultivar name 'Istarska Bjelica' ‘Buza’ ‘Leccino’  ‘Pendolino’
Temperature (°C) 0 50 80 -

Binder content (%) 0 1 2 -




Table 3. Ultimate analysis and physical properties of oil cake

Ultimate analysis Physical properties

RunCT B Carbon Hydrogen Nitrogen Sulfur Partic%e density Abrasion Length

No. ~(°C)(%)(%) (%) (%) (%) (g/cm’) (mm)

1 11 1 5437+0.16™ 7.41£0.05>¢  0.69+0.01° 0.07+0.00¢ 1.2440.00°M% 15.9240.01711.24+0.04"
2 11 2 54.62+0.08°°  7.33£0.06°¢  0.69+£0.00®°  0.07+0.00¢ 1.2340.01°%" 15.9240.047 11.16+0.06"
3 11 3 53.532042°  7.37+0.05"¢  0.70+0.00°¢  0.07+0.00°¢  1.2620.014™°P 10.37+0.05" 9.98+0.07°

4 12 1 54.63+0.18%  7.34+0.02°®  0.70+0.00®  0.07+0.00%  1.25+0.01°€" 9 47+0.059 12.27+0.04™
5 12 2 54.524027%  7.28+0.02°  0.71£0.01%™  0.07£0.00°¢  1.2620.018"M™9 2240.02P 12.714+0.04™
6 12 3 53.70£0.25°  7.26+0.03° 0.72+0.01¢ 0.07+0.00™  1.27+0.01™"°P9 8.97+0.02° 11.84+0.06¢
7 13 1 54.674024™  7.43+0.06°°  0.69+0.00"°  0.07+0.00™°  1.20£0.00®°  5.33+0.02" 12.42+0.11%
8 13 2 54314035  7.39+0.06™  0.70+0.00™°  0.07£0.00®°  1.22+0.01*  5.37+0.01%"13.17+0.117
9 13 3 53.61x0.11°  7.35£0.06™  0.72+0.00  0.07+0.00 1.23+0.01°%%" 5 25+0.03%"12.63+0.075™
10 21 1 56.60+0.47K™  8.07+0.03™  1.03£0.00"™"  0.08+0.00™P9 1.25+0.01™°P4 15.22+0.09¥7.18+0.01°

11 21 2 57.06:0.02™  8.09+0.015™  1.06+0.01%%  0.08+0.00" 1.2720.01%P%  14.20+0.12% 6.43+0.02°

12 21 3 56.83+0.41™ 816+£0.04™  1.07£0.00°"  0.08+0.00%  1.29+0.01%°  13.90+0.10%6.45+0.04

13 22 1 56.72+0.38%™  8.18+0.03"  1.04+£0.018"  0.08+0.00°"  1.26+0.0175™*° 7.9740.04" 13.11+0.11°
14 22 2 57.68027™  8.19+0.07"°  1.06+0.01™° 0.08+0.00"™  1.28+0.00°°%F  7.14+0.04™ 13.08+0.10°
15 22 3 57.38+0.31°M™  821+0.03™  1.06+0.00™ 0.08+0.005"™  1.30+0.01™  6.89+0.04' 12.48+0.06"
16 23 1 56.85+0.138" §819+0.07™°  1.07+0.00™" (.08+0.00° 1.21+£0.01*°  6.71£0.05% 12.58+0.06
17 23 2 57.08+0.44™™ 8.15+0.07™° 1.07+0.01¢ 0.08+0.00°P"  1.23+0.00%%  5.47+0.037 12.29+0.02"
18 23 3 57.29+0.18™  8.08+0.05"™  1.06+0.01%9  0.08+0.00"P% 1.25+0.01%"KMm4 511+0.04¢ 12.66+0.11™
19 31 1 56.36+0.13%" 7.63+£0.02°%  1.06£0.00™ (.08+0.00" 1.26+0.00™Km°1 1 26+£0.06"' 7.24+0.06°

20 31 2 55.87+0.20%%" 7.63+0.04°  1.02+£0.01%"  0.08+0.00%"  1.25+0.01"M™°11 16+0.05" 8.03+0.04¢

21 31 3 55.81+0.25%" 7.7240.085"  1.04+0.005"*%  0.08+0.00"  1.29+0.01°"  10.42+0.09° 8.20::0.06

22 32 1 56.40+0.31"M™ 7.5040.06%"  1.05+£0.01°K™  (0.08+0.008"0  1.27+0.01"P% 5.57+0.02 12.35+0.06™
23 32 2 55.90+0.06°®" 7.69+0.01°®  1.01+0.00" 0.08+0.00"  1.2740.015™™P 5 62+0.04' 12.98+0.10°
24 32 3 56.06+0.28° 78440041 1.03+0.012"  0.08+0.00""  1.30+0.01° 4.93+0.01° 12.54+0.03
25 33 1 55.44+0.02°°% 7.70+0.04%"  1.05+£0.0U"™  0.08+0.00™" 1.23+0.01%%" 528+0.038"12.74+0.08"™
26 33 2 54.87+0.39°%T 7.95+£0.04%  1.02+£0.01%"  0.08+0.00"™  1.224+0.00™¢ 5.13+£0.03" 12.42+0.05™
27 33 3 55.41+0.59°% 820+£0.04™  1.06+0.00""  0.09+0.00° 1.2620.01™P9 4.24:£0.01° 12.74+0.04™
28 41 1 54.26+0.49™  7.37+0.04°¢  0.89+0.00° 0.07+0.00* 1.23+0.01%%  13.4740.13Y7.13+£0.01°

29 41 2 55.77+0.16%%" 7.68+0.065"  1.02+0.00%  0.08+0.00%"  1.23+0.01%%" 12.79+0.06"7.48+0.04°

30 41 3 56.1240.37%%M 7.7440.038"  1.04+0.018"%  0.08£0.00%F  1.2620.01™°P¥ 9.40+0.04P% 8.15+0.03¢

31 42 1 56.06:0.26%"% 7.53+0.03%"  1.05+0.018™° 0.08+0.00"  1.2640.01™™°P 520+0.00" 12.04+0.018
32 42 2 55.944038%%E" 7.63+0.01%  1.0120.00%"  0.08+0.00°®  1.2420.01°®"% 5.154£0.047 13.15+0.09°°
33 42 3 56.10£0.09°"  7.84+0.04"  1.04+0.01"%  0.08+0.00"PF 1.29+0.01° = 4.49+0.01¢ 12.45+0.11%
34 43 1 55.54+0.19°°" 7.7240.05%  1.05£0.00"™  0.08+0.00™™  1.23+0.01°%" 4.42+0.02¢ 12.76+0.06™
35 43 2 55.37+0.08°¢  8.02+0.07"  1.03+0.01%"0  0.08+0.00%  1.2240.00%%" 3.68+0.02° 13.00+0.07™
36 43 3 55.54+£0.25%  822+0.02° 1.060.01™"  0.09+0.00° 1.260.01™"P9" 3 43+0.02° 13.17+0.05"
Polarity + + - - + - Opt. <30 mm

The results are presented as mean+SD; Different letter within the same row indicate
significant differences (p <0.05), according to Tukey’s test. Polarity: ‘+’ = the higher the
better criteria, ‘= = the lower the better criteria, C - cultivar type, T - temperature, B - binder

content code



Table 4. Proximate analysis of oil cake

Run  Moisture Ash HHV LHV Fixed Volatile

No. (%) (MJ/kg) (MJ/kg) carbon (%) matter (%)

1 7.18+0.01°°  1.92+0.012" 22.33£0.06™  20.84+0.22%° 16.43+0.06"  80.82+0.3 &"

2 7.0240.05°  1.93+0.01" 22.41£0.08"  20.86+0.14%° 16.13+0.12"%  80.65+0. 46°="
3 7.0940.04%  1.95+0.012" 22.44+0.16™  20.81+0.07% 17.68+0.05™  78.7140.39°
4 9.3440.05"7  1.94+0.012" 22.41£0.11°  20.88+0.13%° 16.28+0.13%"  80.69+0.40°"
5 9.34+0.03"  1.92+0.01" 22.30£0.07°®  20.81+0.15® 15.90+0.05°  80.53+0.38%"
6 9.31£0.09"7  1.93+0.022" 22.39£0.15"  20.67+0.07° 17.21£0.08'  79.48+0.53°4feh
7 12.4240.11"  1.90+0.00%" 22.36+0.21*  20.72+0.06™ 16.06+0.00%  80.77+0.31°"
8 12.60£0.10°  1.90+0.01°® 22.4140.04*  20.85+0.06® 15.40+0.08°  81.43+0.71"

9 12.40+0.09°  1.89+0.01%" 22.4440.14*  20.75+0.08" 16.41+0.03%"  80.14+0.40°f"
10 6.15£0.03*  1.56+0.01* 22.62+0.14™°  20.92+0.03° 16.37+0.14%"  80.55+0.21"
11 6.1740.03*  1.5620.00* 22.51+0.15™  20.93+0.19% 16.65+0.137™  80.26+0.64"
12 6.16:0.02°  1.56+0.01* 22.49+0.10°  20.73+0.20°® 17.54+0.08"™  79.49+0.47°%
13 9.30+0.057  1.56£0.01* 22.76+0.18"  20.98+0.01° 16.93+0.09  79.35+0.20°%en
14 9.37+0.09"  1.55+0.01* 22.59+0.11%°  20.94+0.12®° 16.87+0.03'F  80.18+(.29°eh
15 9.30+0.02"  1.56£0.01* 22.57+0.17°  20.81+0.08%° 17.56+0.15™  78.85+0.42°%f
16 11.16£0.118  1.56£0.01* 22.73+0.06™  20.79+0.07 16.90+0.02%  79.39+(.23°cfeh
17 11.18+0.06%  1.54+0.00* 22.64+0.07"  20.91+0.16™ 16.55+0.11"  79.68+0.61°
18 11.09£0.03%  1.56+0.01° 22.66+0.047  20.90+0.12®° 16.86+£0.07%  79.41+0.78"
19 7.2240.06°  1.87+0.01% 22.63£0.17"  20.88+0.15® 12.97+0.04°  83.96+0.39'
20 7.2140.06°  1.86+0.02% 22.46+0.05"  20.85+0.01*° 18.89+0.08°  77.88+0.02%
21 7.16:0.06%  1.83+0.02%° 22.55+0.07%  21.02+0.14° 19.04+0.15°  77.324+0.46°
22 8.94+0.07°  1.86+0.01¢ 22.53+0.16>  20.94+0.04° 5.45+0.03" 92.3340.18’
23 8.80+£0.08°  1.87+0.01%722.57+0.14™  20.97+0.18%° 11.54+0.08°  84.90+0.50'
24 8.86+0.06°  1.85+0.01%°922.48+0.02"  20.73+0.11°°® 12.26+0.08°  84.47+0.12
25 10.96+0.08%  1.84+0.01"°922.5240.10™  20.85+0.12%° 11.38+0.08°  85.15+0.41"
26 10.96+£0.04%  1.85+0.019 22.57+0.07°®  20.74+0.19% 17.88+0.00"  78.65+0.27°
27 11.00£0.058  1.85+0.02%°922.35+0.17%  20.79+0.05% 19.02+0.15%®  77.32+0.71°
28 7.0840.05%  1.85+0.00°922.46+0.11°*  20.88+0.16° 16.34+0.00"  80.53+0.09°"
29 7.10£0.07°  1.86+0.01% 22.60+£0.02°  20.86+0.17% 18.69+0.10°  80.62+0.28%"
30 7.03£0.02°  1.8420.01° 22.56+0.15"  20.89+0.09% 19.14+0.10°  81.16+0.46"
31 8.19£0.02¢  1.86+£0.01% 22.52+0.06™  20.93£0.12%° 5.43+0.04° 80.23:£0.44"
32 8.17£0.04Y  1.86+0.01%f 22.73+£0.03%  20.95+0.03* 11.55+0.02°  81.36+0.58"
33 8.18£0.06¢  1.85+0.01¢ 22.56+0.18  20.87+0.12%° 12.15+0.09°  80.9620.15°"
34 12.04+0.09"  1.84+0.01°922.5240.14  20.86+0.09®° 11.37+£0.10°  78.58+0.74"
35 11.98+0.06"  1.85+0.02%¢ 22.39+0.13%  20.85+0.07%° 18.00+£0.14"  79.14+0.58"
36 11.9340.02"  1.85+0.02"°922.494+0.10™°  20.67+0.12° 18.94+0.10%®  80.18+0.69 cdcfeh
PolarityOpt. <10% - + + + +

The results are presented as mean+SD; Different letter within the same row indicate
significant differences (p <0.05), according to Tukey’s test. Polarity: ‘+’ = the higher the

better criteria, ‘=’ = the lower the better criteria.



Table 5. ANOVA table (sum of squares for each assay)

dF Particle Abrasion Length Moisture Ash Carbon H

N S HHV LHV Fixed Volatile

density carbon matter
C 1 000" 13522° 737" 299" 001 821" 093" 1.16 0.00" 0.18" 0.017"83.86" 8.38"
c 1 0017 0.17 10.85° 4.62°  0.87 59.67° 4.12° 0.94° 0.00" 0.09" 0.00 0.07 20.76"
T 1 0.01° 1132.59"363.28 404.35" 0.00 1.20° 0.46" 0.017°0.00" 0.06" 0.10" 16.03" 1.99
T? 1 001" 109.95° 106.29°2.10° 0.00 2.80° 0.1470.00 0.00" 0.00 0.00 286.33°97.48"
B 1 0.02° 44917 001 002 000 0.01 042" 0.0170.00" 0.17° 0.06" 220.98"94.37"
B> 1 0.00° 3.32 136  0.00  0.00 024 0.00 0.00 0.00 0.00 0.02719.05" 6.99"
CxT 1 000 579" 1897 142° 0.00 034 042" 0.0170.00° 0.01°70.06" 4.14 3.08"
CxB 1 000 026 413 0.00 0.00 086 0.69 0.00 0.00" 0.0170.04" 98.21" 1.23
TxB 1 000 987 016 0.00 0.00 0.12 001 0.00 0.00 0.0170.00 3.25 0.14
Error 980.01 108.28 57.27 19.60 1.23 4843 3.61 026 0.00 0.74 0.58 498.23 4.18
r? 0.841 0.930 0.899 0.955 0.7190.753 0.765 0.892 0.8450.736 0.697 0.774 0.692

"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-temperature, B-binder. dF - degrees

of freedom.



Table 6. Performance of the optimal ANN

Cycle Particle Abr. Length Moisture Ash CarbonH N S HHV LHV Fixed Volatile
density carbon matter
Train. 0.941 0.9810.980 0.983  0.9940.951 0.9650.9970.960 0.672 0.544 0.967 0.914
Test. 0.934 0.9800.985 0.981  0.9880.932 0.9810.9970.968 0.504 0.431 0.962 0.883
Valid. 0.953 0.9490.959 0.973  0.9890.907 0.977 0.997 0.965 0.247 0.118 0.929 0.828




Table 7. Mean and standard deviation of the residuals for the optimal ANN

Particle Abr. Length Moisture Ash Carbon H N S HHV LHV Fixed Volatile

density carbon matter

Mean 0.001 0.125 -0.081 0.022 -0.002 0.068 -0.002 0.0010.0000.015-0.009 -0.036 0.158
SD  0.009 0.859 0.483 0.400 0.018 0.381 0.078 0.0120.0020.125 0.120 0.991 1.238
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