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Quick-scan estimating model of Higher Heating Value of oil
palm empty fruit bunches based on ash from proximate
analysis data

Modelo de exploracion para estimacion rapida del Poder Calorifico Supe-
rior de racimos vacios del fruto de palma de aceite basado en el contenido
de Cenizas obtenido a partir de datos de analisis proximo

J. M. Villegas! and H. Avila2

ABSTRACT

A correlation model developed for the quick-scan estimation of the Higher Heating Value (HHV) based on the ash content from a
proximate analysis of Oil Palm Empty Fruit Bunches (EFB) is presented in this paper. The correlation was developed using a best subsets
regression method with data of biomass samples. EFB were taken directly from the end of the processing line (the process exit after
the fruit removal section) in agro-industrial palm oil extraction facilities that are located on the Colombian coast. The correlation is also
compared with other published correlations of lignocellulosic biomass. After conducting a statfistical analysis from proximate analysis
variables expressed in the dry basis for Fixed Carbon (FC), Ash content (Ash), and Volatile Matter (VM), colinearity was identified be-
tween Ash - VM - FC, VM - FC, in developed models that show unsatisfactory behavior when these variables are included, indicating
that these models are inadequate. Finally, the correlation model for a quick-scan estimation on the dry basis was obtained based on
the Ash content from a proximate analysis of EFB (HHV= 0.827Ash + C, with C between 9.97 and 12.4), with a mean absolute error
(MEA) lower than 3% and a marginal mean bias error (MBE) of 0.19%, and R2 = 0.8, indicating that the model has an HHV with single
input variable predictive capability. This model can be used as a support tool for quick-scan estimation when evaluating the available
bioenergy in the processing of EFB using economical and efficient energetic indicators. The minimum and maximum values of HHV
obtained for EFB were 13.6 and 21.91 MJ/kg, respectively.
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RESUMEN

Un modelo de correlacion desarrollado para la estimacion rdpida del Poder Calorifico Superior (HHV) de racimos vacios del fruto de
palma de aceite (EFB) basado en el contenido de cenizas obtenido a partir de datos de andlisis proximo es presentado en este
articulo. La correlacién se desarrollé a través del método de regresion de mejores subconjuntos mediante el uso de datos de muestras
obtenidas directamente de la linea de procesamiento (la salida del proceso después de la seccion de desfrutado) en instalaciones
de empresas agro-industriales extractoras de aceite de palma ubicadas en la costa colombiana. La correlacién obtenida se com-
pard con otros modelos publicados para estimar HHV para biomasa lignoceluldsica. Luego de un andllisis estadistico a las variables
de andilisis proximo expresadas en base seca Carbono Fijo (FC), Contenido de cenizas (Ash), Material Voldtil (MV), se evidencié co-
linearidad en los modelos desarrollados entre Ash - VM - FC, VM — FC, mostrando comportamientos insatisfactorios cuando se incluyen
estas variables indicando modelos inadecuados. Finalmente el modelo de correlacion para estimacion rdpida en base seca se ob-
tuvo a partir del contenido de cenizas del EFB de datos de andilisis proximo (HHV= 0.827Ash + C, con C entre 9.97 y 12.4) presentado
un error absoluto medio (MEA) menor al 3%, error marginal medio (MBE) de 0.19% y un R2 = 0.8, indicando capacidad predictiva para
el HHV con una variable de entrada, el cual puede ser utilizado como herramienta soporte para la estimaciéon rdpida del indicador
energético en la evaluacion de bioenergia disponible en procesos de tratamientos para el EFB de manera econdmica vy eficiente. El
HHV minimo y mé&ximo obtenido para EFB fue de 13.6 'y 19.51 MJ/kg. respectivamente.

Palabras clave: Racimo vacio del fruto de palma de aceite (EFB), Poder Calorifico Superior (HHV), Andlisis préximo, Biomasa ligno-
celulésica, Bioenergia.
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Introduction

According to the International Energy Agency (IEA, 2008), the use
of renewable energy is estimated to contribute on the order of
10-14% to the primary world energy demand. The most important
source of increasing the production of energy based on renewable
energy sources is the biomass. In accordance with (Erol, Haykiri-
Acma & Kiigiikbayrak, 201 I), the limitations of carbon-based fuels
as the main supply source of energy consumption have motivated
scientists, politicians, and economists to think of alternatives with
lower potential impacts on environmental and economic develop-
ment. (Aslani & Mohaghar, 2013) indicated that carbon-based fuels
are neither harvestable in all countries nor sustainable in producer
countries. In Colombia specifically, Palm Oil (Elaeis guineensis)
Empty Fruit Bunches (EFB) represent a lignocellulosic biomass
generated during the oil extraction process that can be used as
raw material for cellulose, lignin and hemicellulose production
(Soplah et al., 2009; Gonzalez et al., 2009).

EFB is a material that has great agro-industrial availability in the
present and future in Colombia and other sites around the world.
In sites where crops of this material can be found, huge quantities
of these residues are generated; generally, the EFB is burned or
incinerated in facilities (Gonzalez et al., 2009; Ministry of Mining
and Energy, (Minminas, 2009); Shuit, Tan, Lee, & Kamaruddin,
2009). The primary solid wastes of palm oil mill processing are
EFB, fibers and shells (Rozita et al., 201 1). However, the concerns
of (Mohamad, Zakaria & Sipaut, 201 |) about the effects of this lig-
nocellulosic waste on human and natural environments have
prompted recycling initiatives. Thus, the waste is used for energy
diversification process such as ethanol production (Piarpuzan,
Quintero & Cardona, 201 1), pyrolysis processes (Abdullah & Ger-
hauser, 2008; Chin & Bakar, 2009; Sukiran, Abdullah, Gerhauser &
Sulaiman, 2010; Rozita et al., 201 |; Sulaiman & Abdullah, 201 I; Wu
etal, 2013; Burhennea et al,, 2013), gasification processes (Lahijani
& Alimuddin, 201 1; Mohammed, Salmiaton, Wan, & Mohamad,
2012; Ogi et al., 2013) and applied technology to produce heat and
power.

This study has been conducted due to the need to evaluate and
develop a simple tool for estimating the caloric value of EFB, which
is one of the main biomass agro-industrial resources in the coun-
try. According to (Vargas-Moreno et al., 2012), the higher heating
value (HHV), which refers to the heat released by the complete
combustion of a unit of volume of fuel (Chun-Yang, 2011), is an
indicator that a raw material can be used as an energy supply and
reflects the energy content of a fuel in a standardized fashion.
Other studies and experimental correlations have been used to
determine the HHV of biomass by proximate analysis, but the
value can differ significantly among analyses (Erol et al., 2010;
Chun-Yang, 2011; Vargas-Moreno et al,, 2012). In some cases, a
representative approximate value of the fluctuations in multiple
biomasses is not available because of the varying characteristics of
raw materials and even greater differences among biomasses (Erol
et al, 2010; Nhuchhen & Salam, 2012). The variables evaluated in
the proximate analyses have been used in multiple models to esti-
mate the HHV of biomass and lignocellulosic materials, as re-
ported by different authors (Chun-Yang, 201 |; Vargas-Moreno et
al,, 2012). However, in some cases, the models do not properly fit
the measured value for the HHV (Nhuchhen & Salam, 2012). For
this reason, we propose a quick solution as a simple tool for esti-
mating the Higher Heating Value (HHV, MJ)/kg) from the experi-
mental analysis of EFB. This method allows for correlation of the
HHV with experimental variables that can be measured simply,

both economically and technically, in a lab, due to the ease and
speed with which such an analysis can be accomplished.

Figure 1. Oil Palm Empty Fruit Bunches

Table 1. Norms and standards used for sampling tests and
characterization

Analysis Analytic Method Units
Residual Moisture ASTM D3173-03(08) (kgrkg)
Volatile Matter ASTM D3175-07 (kg/kg)
Ash ASTM D3174-04(10) (kgrkg)
Fixed Carbon ASTM D3172-07 (kg/kg)
Higher Heating Value ASTM D5865-07 MJ/kg
Carbon ASTM D5373-02(07) %mass
Nitrogen ASTM D5373-02(07) J%6mass
Hydrogen ASTM D5373-02(07) %mass
Oxygen ASTM D3176-89(02) J%6mass
%Cellulose NREL-TP510-42618 (2008) % (kglkg)
%Hemicellulose NREL-TP510-42618 (2008) % (kg/kg)
%Lignin NREL-TP510-42618 (2008) % (kglkg)

Material and methods

Samples were selected in the field using a simple, random sampling
via the point-quarter method. The samples were taken directly
from the end of the processing line (the process exit after the fruit
removal section) in three facilities of agro-industrial companies lo-
cated in the Departments of Magdalena, Bolivar, and Cesar (Co-
lombia). From each facility, 30 empty fruit bunches were collected.
Sample preparation was performed according to the methodology
described in the ASTM EI517-01 standard in the following phases:
selection, measurement, conditioning, size reduction, and sample
homogenization. Subsequently, all samples were mixed, homoge-
nized and prepared for testing and analysis. Figure | shows the EFB
at the laboratory. The tests were conducted at three laboratories
in Colombia: the Colombian Geological Services (Ingeominas), the
Centro de Estudios e Investigacion en Biotecnologia (CIBIOT) of
the Universidad Pontificia Bolivariana (Medellin), and the Univer-
sidad del Norte (Barranquilla). The Higher Heating Value tests
were conducted at Ingeominas and CIBIOT. The American Society
for Testing and Materials (ASTM) international standards were
used for the analysis, according to the procedures and protocols
for wood and biomass (lignocellulosic matter), as well as those
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used for carbon and coke. Cellulose, hemicellulose, and lignin con-
tents were performed through HPLC analysis according to the
NREL-TP510-42618 (2008) rules. Table | describes the norms
used for the samples.

Data analysis and characterization

Proximate analysis is the most commonly used method for char-
acterizing biomass fuels. Consequently, it is important to have a
model that approximates a fit of Higher Heating Value to the Prox-
imate Analysis experimental data. A correlation model to estimate
the Higher Heating Value (HHV, MJ/kg) was evaluated based on 7
samples of EFB characterized using a complete Proximate Analysis
expressed in terms of the composition in the mass fraction (kg/kg)
dry basis of Fixed Carbon (FC), Ash Content (Ash), Volatile Mat-
ter (VM), and Residual Moisture.

Resulis

Analysis and selection of variables

The complete proximate analysis results of the collected samples,
including the HHV (MJ/kg) and elemental and structural analyses,
are shown in Table 2. Ash, Volatile Matter, and Fixed Carbon had
average dry basis mass fractions (kg/kg) of 0.069, 0.753, and 0.178,
respectively. The average HHV obtained was 15.7 (M)/kg), and the
minimum and maximum values of HHV were 14.5 (M)/kg) and 18.0
(MJ/kg), respectively.

Table 2. Proximate analysis values and characterization analysis of
Oil palm EFB samples

Proximate analysis express in dry basis*

Sample Ash % VM % FC % HHV
(kglkg) (kglkg) (kglkg) (M)/kg)
(ke 5.47 76.42 18.11 14.58
2%k 6.67 7476 18.57 14.99
ki 6.58 77.54 15.88 15.76
4k 6.62 74.01 19.37 14.53
5k 7.84 7421 17.95 16.49
&F* 5.71 78.26 16.03 15.39
7 9.39 71.81 18.80 18.00
Statistical analysis of the measured values
Number of Samples 7 7 7 7
Average 6.89 75.28 17.81 15.67
Standard Deviation 1.34 2.24 1.35 1.23
Coefficient variation 19.43% 2.99% 7.60% 7.87%
Range 392 6.45 349 347
Elemental analysis
Composite Carbon Nitrogen Hydrogen, Oxygen, Ash
sample (%kglkg)  (%kglkg)  (%kglkg) (%kglkg) (%kg/kg)
1-7 42.06 1.23 6.10 41.52 9.09
Structural analysis
Composite Cellulose  Hemi-Cellu- Lignin Inorganic and
sample (%kglkg) lose (%kglkg) (%kglkg)  WAter content
(%kelke)
1-7 27.1 1.5 25.6 358

* The measured values for ash content (Ash), volatile matter (VM) and fixed carbon
(FC) are expressed on a dry basis. ** Test conducted at CIBIOT. *** Test conducted
at Ingeominas.

Initially, an exploratory data analysis was conducted to identify
trends (Figure 2) and autocorrelations (Table 3), allowing for the
selection of proximate analysis variables that significantly contrib-
uted to the model. According to Table 3, the Ash content is highly

correlated to the HHV of Oil Palm EFB, and a strong linear rela-
tionship was found between the Ash content and the HHV, un-
derlining the existence of direct proportionality between these
characteristics. The correlation coefficient was 0.897 with a p-
value of 0.006, indicating statistical significance.
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Figure 2. Correlation matrix plot for the Ash content, Volatile Matter
(VM), and Fixed Carbon (FC), expressed in mass fraction on dry ba-
sis (kg/kg), respectively, and the HHV (MJ/kg) for the EFB samples

Table 3. Matrix of Correlation Coefficients of Oil Palm EFB proximate
analysis

Variables* Ash Volatile matter Fixed carbon
Volatile matter (%) -(5)08233
Fixed carbon (%) 8i;§ -(?gg;

0.897 -0.542 -0.049
HHV (MJ/kg) 0.006 0.209 0917
Content (variable): E\z’lzc;n s Correlation

*The correlation matrix was built using the seven samples characterized in the lab

From the statistical results, the VM variable and the HHV show a
Pearson correlation value of -0.542 and a p-value of 0.209. These
values indicated that the volatile matter does not show statistical
significance with relation to the HHV. According to the values in
Table 3, the FC variable was not found to be statistically significant
relative to the HHYV for the population samples used in the analy-
sis. The p-value was 0.917 and the Pearson correlation was -0.049
between this variable and the HHV.

However, for the range of samples subjected to this analysis, the
results showed that Ash is inversely proportional to VM. The
Pearson correlation was -0.833, with a p-value of 0.020 at a confi-
dence level of 95%, indicating statistical significance between these
variable. In contrast, no significant linear relationship was observed
between Ash and FC, with a Pearson coefficient of 0.342 and a p-
value of 0.453.

For the VM and FC variables, a strong linear relationship was ob-
served because the FC in the biomass increases as the VM de-
creases (colinearity). The Pearson linear correlation coefficient
was -0.804, and the p-value was 0.029, which indicates statistical
significance between these variables.

Colinearity was identified between Ash and VM and between VM
and FC due to the variance inflation factor was unsatisfactory, in-
dicating inadequate behavior when these variables are included in
different models.
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According to the results in Table 3, the HHV is highly influenced
by the Ash content in EFB, though the Ash content does not con-
tribute to heat release in the biomass combustion or, hence, to
the HHV. The statistical analysis showed that the Ash content was
able to explain the HHYV value for the Oil Palm EFB. A relationship
between the ash content and the HHV was found, which explains
the variability in energetic content from different materials and
could be attributed to the maturity of the bunches. According to
the experiments and analyses, the material with greater ash con-
tent was stronger and more robust in appearance.

HHYV correlation model

A simple linear regression model, based on the values reported by
the CIBIOT and Ingeominas, was determined to estimate the HHV
as a function of the Ash content based on the proximate analysis
on dry basis. The resulting correlation (Model 1) is as follows:

HHV =9.97 + 0.827 - (Ash)
where

HHYV = Higher Heating Value on dry basis (MJ/kg)
Ash = Ash content on dry basis (% kg/kg)

Figure 3 shows the regression model of Oil Palm EFB.
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Figure 3. Graphical representation of the regression model be-
tween the Ash content (kg/kg) and the HHV (MJ/kg), on a dry basis,
of Oil Palm EFB

The residual analysis of the linear regression model was satisfac-
tory for the normality and heteroscedasticity criteria using the sta-
tistical analysis software Minitab v.15. According to the ANOVA
results, R2 = 0.806, and the p-value = 0.006 for the linear regres-
sion model (Table 4).

Table 4. ANOVA statistical summary

The correlation model described with a 95% confidence level, with
the HHV values for confidence and prediction intervals between
13.5 - 19 MJ/kg and 12.5 — 19.5 MJ/kg, respectively.

To validate the model, EFB data were collected from studies in the
literature (Table 5) with similar characteristics and structural ma-
terial to the EFB samples analyses. A significant difference was
found among the Ash, VM, and FC values obtained from the CI-
BIOT-Ingeominas data and the data obtained from the literature.
However, a significant difference in the 95% confidence interval
was found for the HHV from the CIBIOT-Ingeominas data and the
data obtained from the literature. The results showed that the be-
havior of the HHV estimated by the model is similar to the values
reported in the literature; however, there is a systematic differ-
ence of approximately 2.43 M)/kg higher than the data reported
by CIBIOT and Ingeominas.

Table 5. HHYV literature values from EFB - Validation data model
development

Ash VM FC

Reference HHYV (M)/kg) %) %) %)
Bayona & Sanchez, 2006 18,71 8,00 6980 2220
Ramirez et al., 201 | 17,93 6,50 69,50 17,90
Cala, 1995 18,00 7,30 7570 17,00
Rahman, 2014 15,78 420 76,20 18,57
Chun-yang, 201 | 16,96 453 7820 18,54
Amin etal,, 201 | 16,74 536 - -

Parameter Estimation Standard Error Statistic T P-Value
Intercept 9.974 1.274 7.82 0.0005
Slope 0.827 0.182 4.55 0.0061

Where VM=Volatile matter (%), FC=Fixed carbon (%), Ash=Ash content (%) on dry
basis.

An alternative model, proposed to represents the data collected
from the literature, is given by Model 2:

HHV = 12.4 + 0.827 - (Ash)

The model gives an R2 = 0.82 relative to the data obtained from
the literature. Figure 4 shows the regression models for the meas-
ured data obtained from the laboratory (CIBIOT and INGEOMI-
NAS) and the data obtained from the literature for the Oil Palm
EFB. The linear models have the same slope, but the constant dif-
fers by approximately 2.43 MJ/kg, equivalent to a difference of ap-
proximately 16%.

20

HHV=0.827(Ash)+12.4

HHV =0.827(Ash) +9.97

14 O HHV Measured (M1/kg)

[ HHV from Literature (MJ/kg)
13

12
4 5 6 7 8 9 10

Ash content(%)

Variance Analysis

Root mean

Source Square Sum Gl F-Ratio P-Value

squared
Model 7.379 I 7379 20.70 0.0061
Residue 1.782 5 0.356
Total (Corr.) 9.161
Correlation coefficient 0.897
R-squared 80.60 % Standard error 0.597
R-squared

(Adjusted for g..) 76.70 % Median abs. error 0.407

Figure 4. Regression model between the Ash content (% kg/kg) and
the HHV (MJ/kg) dry basis of Oil Palm EFB for the measured data
obtained from the laboratory (CIBIOT and INGEOMINAS) and data
obtained from the literature

Discussion

The proposed simple linear regression models were compared
with other proximate analysis-based correlation models for the
HHV by different authors. The principal characteristic of this
model is that it employs the lignocellulosic materials biomass to
develop the models (Demirbas, 2009; Erol et al., 2010; Chun-Yang,
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2011; Callejon-Ferre et al., 201 1) cited in (Vargas-Moreno et al.,
2012). The comparison is shown in Figure 5, and the models are
presented in Table 6. In accordance with (Nhuchhen & Salam,
2012), the proximate analysis provides empirical information on
the composition of the biomass, so some of the correlations based
on proximate analysis may be low. Additionally, the evidence of-
fered by the literature indicates that few researchers have cen-
tered their studies on particular types of biomass, preferring to
focus on models of more general use.

® HHV(MJ/kg)
23 x - Callején-Ferre et al., 2011. HHV = -2,057 - 0,092* Ash + 0,279*VM
--& - Demirbas, 2009. HHV = 32,94 -0,1882*VM
--&-- Callején-Ferre etal., 2011. HHV = 20,086 - 0,261 Ash

Model 1: Villegas & Avila. HHV = 9,97 + 0,827*Ash

21 === Model2: Villegas & Avila. HHV = 12.4 + 0,827*Ash

HHY (MJ/kg)

9
-]
Y
N
4
s
#

Y
&
>,

17

13
0 2 4 6 8 10 12 14
Empty Fruit Bunches, samples

Figure 5. Measured and fitted HHV (MJ/kg) values for several mod-
els based on the proximate analysis on dry basis

Table 6. Evaluation of the HHV (MJ/kg) correlations based on prox-
imate analysis

Authors Correlation Model
Demirbas, 2009

HHYV (MJ/kg)*
—0.1882VM + 32.94

Erol etal.,, 2010 15.2 + 0.192FC
Erol etal, 2010 14.2 + 0.38FC — 0.00721F(?
Yin, 2011 0.1905VM + 0.2521FC

20.09 — 0.261Ash
—2.06 — 0.092Ash + 0.279VM

Model 1: 9.97 + 0.827Ash
Model 2: 12.4 + 0.827Ash

* VM=Volatile matter (%), FC=Fixed carbon (%), Ash=Ash content (%) on a dry
basis.

** Correlation Model developed by the Authors. Model | with data from testing
at CIBIOT and Ingeominas, Model 2 with data obtained from the literature.

Callejon-Ferre et al,, 201 |

Villegas & Avila**

Based on the proposed correlation models, a range of HHVs be-
tween 13.6 and 21.91 MJ/kg was estimated from the proximate
analysis conducted on 45 samples of EFB at the Universidad del
Norte. The reported values by CIBIOT and Ingeominas showed a
systematic difference of 16% lower compared with the data ob-
tained from the literature. This difference needs to be further an-
alyzed to identify its causes, including conducting tests with repli-
cates in different laboratories.

Conclusion and observations

A correlation model was proposed as a quick-scan-estimate of the
HHYV of Oil Palm EFB from the statistical evaluation of the proxi-
mate analysis data, relating HHV with Ash content on dry basis,
(HHV= 0.827Ash + C, with C between 9.97 and 12.4) with a pre-
dictive capability of R2 = 0.8. This quick model is an important tool
due to the great ease with which the value variable can be deter-
mined in the lab.

The results indicate that biomass combustion with a higher HHV
leads to more residue or ash from combustion. Therefore, the
Ash content of the Oil Palm EFB can be used as a quick indicator
of the energy content, and the experimental correlation model can
be used as a simple tool for measuring the quality energy that can
be supplied by processing of the raw material. The HHVs of the

analyzed Oil Palm EFB were between 13.61 MJ/kg and 21.91 M)/kg;
these values are within the ranges cited in the literature for this
lignocellulosic material.

The reported values by the CIBIOT and Ingeominas showed a sys-
tematic difference of 16% lower compared with the data obtained
from the literature. The causes of this difference require further
analysis to be identified, including conducting tests with replicates
in different laboratories.

Finally, the waste of the oil palm rachis or EFB can be considered
a suitable energetic resource in Colombia because of the caloric
supply that can be obtained per unit mass. The value found for the
HHV is in the upper range for materials with similar characteristics
and for biomass of lignocellulosic origin. For this reason, EFB can
be exploited as a resource of bioenergy and other derivative prod-
ucts, when faced with sustainability guidelines and policies. This
application is in accordance with the protocols of environmental
management and proper handling of solid waste, as well as the
integral solution of problems that generate added value to the pro-
duction chain and processes, with special interest to those related
to the energy sector and the agro industry.
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