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Review of the Drying Kinetics of Olive Oil Mill Wastes:
Biomass Recovery

Francisco J. Gomez-de la Cruz,** Pedro J. Casanova-Peléez,” Rafael Lopez-Garcia,? and
Fernando Cruz-Peragén 2

The drying kinetics of olive oil mill wastes was analyzed based on
experiments carried out by various researchers utilizing different drying
systems. A critical review of the literature was done, and mathematical
models of drying curves proposed by investigators were evaluated. A
comparison between the best mathematical models of fit in the drying
curves used in past experiments and a two-term Gaussian model was
performed. This model improved all the results of fit in each experiment.
Drying rates and drying stages were obtained and discussed. An average
drying rate for each experiment from the two-term Gaussian model was
calculated. This value allowed for visualizing and comparing the average
speed of evaporated water in each experiment for the different dryers.
Finally, and after having verified that almost all drying occurs mainly by a
diffusion phenomenon, an analysis on the effective moisture diffusivity and
activation energy values was performed. The results indicated that there
was no dependency of these quantities on independent variables such as
the drying air temperature, the drying air velocity, and the sample
thickness. It follows that drying of olive oil mill wastes is a very complex
physical process that depends heavily on aspects such as pieces of pit,
pulp, skin, vegetation water, olive oil content, sugars and organics
compounds of different nature.
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INTRODUCTION

Olive oil is one of the most important foods in the Mediterranean diet, particularly
extra virgin olive oil, which has excellent health and nutritional benefits. The annual
average production of olive oil is around 2.8 millions of tonnes (International Olive Council
(10C) 2014b). Approximately two million tonnes are produced in the European Union,
which is 70% of the world production. Spain, Italy, and Greece are the largest producers
of olive oil with annual average productions of 1.215, 0.456, and 0.318 million tonnes,
respectively (International Olive Council (I0C) 2014a).

Throughout the 20th century, traditional pressing methods dedicated to olive oil
extraction have gradually been replaced by new technologies based on different procedures
such as milling and crushing through the use of stainless steel hammers, thermo-
mechanical beating, and horizontal centrifugation in continuous decanting systems
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(Boncinelli et al. 2009; Altieri et al. 2013). Nowadays, there are two decanter systems used
for olive oil extraction: the three-phase system and the two-phase system.

Since the early seventies and through the nineties, the extraction process of olive
oil was carried out in decanters of three phases: virgin olive oil, olive cake (in Spanish
called “orujo”), and vegetation water with organic compounds (in Spanish called
“alpechin”). The olive cake was a by-product formed from the skin, pieces of pit, and pulp
of the olives and a small amount of olive oil, between 5% and 8%; however, this system
presented several environmental problems. First, large quantities of water were necessary
before the decantation to separate the three phases and, second, the “alpechin” that was
stored in reservoirs constructed near the olive oil mills, presented a serious environmental
problem due to its high biochemical oxygen demand (BOD). Currently, the three-phase
system is still being used in several countries such as Turkey, Greece, and Tunisia.

A two-phase extraction system was instituted in the early nineties with the objective
of eliminating the environmental problems caused by the three-phase system. In this system
only two phases are obtained: olive oil and a by-product formed by a mixture of olive cake
and vegetation water (in Spanish called “alpeorujo”, mixture of “orujo” and “alpechin”);
however, this system produces a by-product with a high moisture content— between 60%
and 70% (wet basis)—in comparison with the moisture content of olive cake obtained in the
three-phase system—between 35% and 45%. The two-phase system is currently fully
implemented in Spain and Italy.

Olive oil mill wastes need to be dried for three main reasons: to avoid a hazardous
environmental problem, to extract the remaining olive oil, and finally to obtain a biomass
product (in Spanish called “orujillo”). In order to extract the olive oil in these by-products,
both “orujo” and “alpeorujo” need to be dried to achieve values close to the equilibrium
moisture content, about 7.5% (wet basis) (Moral and Méndez 2006). Under these
conditions the solvent used in the olive pomace oil extraction process is much more
effective. After this process, a biomass product with a significant net calorific value, about
17.5 MJ/kg, is obtained, the “orujillo”. This abundant green energy source has special
interest as biofuel for generating electrical energy in cogeneration and generation plants
(Jurado et al. 2003; Cruz-Peragon et al. 2006), and for generating thermal energy in space
heating (Garcia-Maraver et al. 2012; Rosua and Pasadas 2012).

Presently, the physical drying process is a unique method used to treat olive oil mill
wastes; the vast majority is dried in co-current rotary dryers (Gomez-de la Cruz et al.
2015b). Large quantities of these by-products are annually treated in secondary extraction
factories. For drying, hot air flows at high temperatures (between 600 °C and 1000 °C), and
its study is focused on knowing the drying air temperatures, drying air flows, and moisture
content of these wastes at the inlet and outlet of the rotary dryer (Casanova-Peléez et al.
2012). However, there have been no studies on the drying kinetics in rotary dryers.
Furthermore, this sector has been relentlessly buffeted by the possible risk of the
development of carcinogenic substances (polyaromatic hydrocarbons like benzopyrene) in
the olive pomace oil due to high temperatures used in the drying process.

These circumstances have boosted the development and study of new drying
systems. The drying kinetics of “alpeorujo” and “orujo” have been studied in other
alternative drying systems such as solar dryers (Celma et al. 2007; Montero et al. 2010;
Montero et al. 2011), fluidized bed dryers (Liébanes et al. 2006; Meziane 2011),
convective dryers (Arjona et al. 1999; Krokida et al. 2002; Doymaz et al. 2004; Akgun and
Doymaz 2005; Gogis and Maskan 2006; Vega-Galvez et al. 2010; Casanova-Pelaez et al.
2015), microwaves with convection-assisted dryers (Gogus and Maskan 2001; Milczarek
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et al. 2011), and infrared dryers (Ruiz Celma et al. 2008). Generally, drying kinetics are
carried out from the variation of mass of the sample studied for different conditions of
temperature (isothermal experiments), velocity, and sample thickness. Analysis of
experimental data makes it possible to understand the drying behavior of olive oil mill by-
products and allows for improving and optimizing the drying processes in each type of
dryer.

The present work provides a review of drying olive oil mill wastes. First, the
different drying systems are described, and the advantages and disadvantages of each
system are discussed. Next, the drying curves from a wider selection of drying experiments
conducted by researchers are analyzed. Thereafter, the drying rate for each drying curve
proposed is obtained, and the drying stages for olive oil mill wastes are discussed. An
average drying rate value is obtained for each experiment, followed by analysis of the
effective moisture diffusivity and activation energy values obtained in the literature.
Several considerations are then made. Lastly, the main findings are presented.

DRYING SYSTEMS

Solar Dryers

Solar dryers consist mainly of a drying chamber, a fan, a chimney, and a flat plate
collector. Solar energy is used for heating the airflow. Both natural convection and forced
convection are used to dry the olive oil mill wastes. The use of solar dryers is economically
viable; however, drying requires long periods of time, resulting in low drying rates. In some
applications, solar dryers work closely with other auxiliary heat sources, such as electric
resistors or infrared lamps.

Several works have reported on the drying of “alpeorujo” (Celma et al. 2007) and
“orujo” (Montero et al. 2010; Montero et al. 2011) in solar dryers. The drying kinetics were
studied for several heat transfer configurations: natural convection, forced convection, and
hybrid mode (solar energy and heat generated by resistances). Experiments were carried
out in a temperature range of 20 to 80 °C and drying air velocities between 1 and 7 m/s.
The sample thickness studied was between 6.2 and 40 mm.

Fluidized Bed Dryers

The fluidization phenomenon consists of passing hot air up through a bed of
granular solids. Drying air velocity should be high enough to balance the pressure drop
from the fluid drag force and the weight of the granular solid. Generally, fluidized bed
dryers are formed in a drying chamber that consists of a cylindrical column, a centrifugal
fan, and electrical resistances.

Drying kinetics have been studied for both “alpeorujo” (Liébanes et al. 2006) and
“orujo” (Meziane 2011). Fluidized bed dryers are characterized by large contact areas
between the olive oil mill waste phases. This results in high drying rates at relatively low
drying air temperatures. Furthermore, sample homogeneity is the one of the major features
in these systems; however, in the case of “alpeorujo” there is a drawback. The samples
cannot be fluidized directly and have to be dried to reach a moisture content less than 50%
(wet basis) due to their nature of having a high fluid content. “Orujo” has a more granular
nature and is ideal for this drying system. Drying air temperatures used in the experiments
were between 50 and 130 °C and air velocities were in the range of 1 to 2.5 m/s. The
thickness of the samples studied was between 41 and 63 mm.
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Convective Dryers

Convective dryers have been the most popular drying system for the study of drying
kinetics of olive oil mill wastes. Generally, these dryers consist of three fundamental
elements: a blower, a drying chamber or drying tunnel, and air heaters or electrical
resistances. The system operates by transporting hot air to the sample at different
temperatures and velocities, providing fast and uniform drying.

Several convective dryers have been constructed for the drying of “alpeorujo”
(Arjona et al. 1999; Krokida et al. 2002; Vega-Galvez et al. 2010; Casanova-Peléez et al.
2015) and “orujo” (Doymaz et al. 2004; Akgun and Doymaz 2005; Gogis and Maskan
2006) according to their respective requirements. These types of dryers have a good drying
rate-to-energy cost ratio. Experiments conducted in convective dryers used drying air
temperatures from 50 to 350 °C and air velocities of 1.2 to 3 m/s. The samples dried had
thicknesses between 4 and 72 mm.

Microwave-Convective Dryers

Microwave-convective dryers utilize microwave energy as the primary drying
system and hot air convection dryers as the auxiliary drying system. Generally, this type of
dryer consists of a microwave cavity where the sample is dried and ancillary equipment
with air heaters and centrifugal fans. The main advantage of microwave-convective dryers
is the application of two drying methods. High drying rates are obtained when the power
of microwaves and drying air temperatures are high; nevertheless, the energy cost of
microwave-convective systems is, on some occasions, very high.

Two works report on the drying kinetics of olive oil mill wastes. In the first work,
“alpeorujo” was studied at low drying air temperatures, between 40 and 70 °C, with a hot
air velocity of 4 m/s and a sample thickness of 7 mm (Milczarek et al. 2011). In the second
work, “orujo” was dried in a temperature range of 100 to 225 °C for different sample
thicknesses, between 6 and 14 mm (Gogus and Maskan 2001).

Infrared Dryers

Infrared drying systems consist of a drying chamber with several halogen lamps.
Drying is mainly accomplished in the sample by a diffusion phenomenon. Infrared
wavelength radiation increases the sample temperature from the inner layer to outer layer.
The infrared dryer features lower air flows that surround the sample and a reasonable
drying rate-to-energy cost ratio; however, for high temperatures the energy cost can be
high.

“Orujo” has previously been dried at temperatures between 80 and 140 °C for a
sample thickness of 7 mm (Ruiz Celma et al. 2008).

DRYING CURVES

Establishing drying curves is the first step in studying the drying kinetics of olive
oil mills wastes. The experiments analyze the variation of mass, i.e. loss in moisture, with
respect to time under isothermal conditions, with or without air velocity and a specific
sample size. To plot drying curves a dimensionless variable is used, the moisture ratio, as
calculated by Eq. 1,
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MR = MM 1)
Mo—M,

where M, is the moisture content at time t, M,, is the initial moisture content, and M, is the
equilibrium moisture content, with all variables in dry basis. The vast majority of authors,
however, express the moisture ratio as MR = M,/M,, because the equilibrium moisture
content is small with respect to the other variables.

To estimate and predict the optimum drying conditions for future applications, the
experimental data has been fitted, moisture ratio vs. drying time, using different thin-layer
mathematical models. Non-linear regression analysis is usually used to fit the experimental
data. Table 1 indicates the mathematical models proposed in the drying of “alpeorujo” and
“orujo”. Because drying is a complex physical phenomenon that is governed by heat and
mass transfer mechanisms, various theoretical, empirical, and semi-empirical mathematical
models have been studied for the drying of such by-products.

Table 1. Theoretical, Empirical, and Semi-Empirical Thin-Layer Mathematical
Models in the Drying of Olive Oil Mill Wastes

Model Name Equation Reference
Lewis MR = exp(—kt) (Lewis 1921)
Page MR = exp(—kt™) (Page 1949)
Modified Page MR = exp(—(kt)™) (Overhults et al. 1973)
Henderson and _ _ (Henderson and Pabis
Pabis MR = a - exp(=kt) 1061)

N _ _ (Akgun and Doymaz
Logarithmic MR = a - exp(—kt) + ¢ 2005)

. _ 2 (Wang and Singh

Wang and Singh MR =1+ at + bt 1978)

i _ _ ) _ (Noomhorm and
Two-Term MR = a - exp(—kot) + c - exp(—k,t) Verma 1986)
Two-Term _

Exponential MR = a - exp(—kt) + (1 — a) - exp(—kat) (Doymaz 2011)
Approach of .
Dﬁ‘?usion MR = a - exp(—kt) + (1 — a) - exp(—kbt) (Yaldiz et al. 2001)
Modified MR = a - exp(—kt) + b - exp(—k,t) + ¢ (Vega-Galvez et al.
Henderson i (—kat) 2010)
and Pabis expLTis
Midilli et al. MR = a - exp(—kt™) + bt (Midilli et al. 2002)
n-Order 1 (Chavez-Méndez et al.

MR =[1—- (1 —n)kt]i-n 1995)

t n

Weibull MR = exp <— (E> ) (Corzo et al. 2008)
Simplied Fick’s MR = ot (Diamante and Munro
Diffusion = a-exp (‘ ﬁ) 1993)
Two term MR = t —by? J t —e\? (Gémez-de la Cruz et
Gaussian = a-exp _< c ) +a-exp _( f ) al. 2014a,b)
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Table 2. List of Experiments in the Drying of Olive Oil Mill Wastes and a Comparison between Mathematical Models

Experiments Drying Moisture Model Two-Term Gaussian | Reference
and Conditions Content proposed Model
By-product (w.b) by authors
Initial-
Final
Velocity | Sample Temperature R? RMSE | Model R? RMSE
(m/s) thickness | (°C)
(mm)
Solar Dryers
Test 1- Alpeorujo | 1 6.2 80 66%-7.5% | 0.9985 | 0.0109 | Midillietal. [ 0.9989 0.0098 (Celma et al. 2007)
Test 2-Alpeorujo | 1 6.2 40 66%-7.5% | 0.9990 | 0.0081 | Midillietal. | 0.9991 0.0079 (Celma et al. 2007)
Test 3-Orujo 4.5 30 32 55%-20% - - - 0.9995 0.0086 (Montero et al. 2010)
Test 4-Orujo - 30 20 55%-20% - - - 0.9999 0.0033 (Montero et al. 2011)
Test 5-Orujo - 30 3 55%-20% - - - 0.9997 0.0070 (Montero et al. 2011)
Fluidized Bed
Dryers
Test 6-Alpeorujo | 1.8 m/s - 100 50%-0% 0.9999 | - n-order 1 0.0031 (Liébanes et al. 2006)
Test 7-Alpeorujo | 1.8 - 130 50%-0% 0.9999 | - n-order 1 0.0044 (Liébanes et al. 2006)
Test 8-Alpeorujo | 2.1 - 100 50%-0% 0.9999 | - n-order 1 0.0047 (Liébanes et al. 2006)
Test 9-Alpeorujo | 2.5 - 100 50%-0% 0.9999 | - n-order 1 0.0073 (Liébanes et al. 2006)
Test 10-Orujo 1 41 50 48.6%- 0.9995 | 0.0067 | Midilli etal. | 0.9997 0.0057 (Meziane 2011)
4.75%
Test 11-Orujo 1 41 70 48.6%- 0.9984 | 0.0002 | Midilli etal. | 0.9997 0.0001 (Meziane 2011)
4.75%
Test 12-Orujo 1 63 50 48.6%- 0.9998 | 0.0032 | Midillietal. | 0.9999 0.0023 (Meziane 2011)
4.75%
Test 13-Orujo 1 63 70 48.6%- 0.9998 | 0.0037 | Midillietal. | 0.9999 0.0021 (Meziane 2011)
4.75%
Convective
Dryers
Test 14-Orujo 1.2 8 110 45%-5% 0.9998 | 0.0092 0.9999 0.0020 (Akgun and Doymaz
2005)
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Test 15-Orujo 1.2 8 80 45%-5% 0.9992 | 0.0249 0.9999 0.0038 (Akgun and Doymaz
2005)

Test 16-Orujo 1.2 12 90 45%-5% 0.999 0.0057 0.9999 0.0045 (Doymaz et al. 2004)

Test 17-Orujo 1.2 4 80 45%-5% - - - 0.9999 0.0025 (Doymaz et al. 2004)

Test 18-Orujo 1.2 6 80 36.7%-0% | - - - 0.9996 0.0085 (Gogls and Maskan
2006)

Test 19-Orujo 15 9 70 36.7%-0% | - - - 0.9996 0.0074 (Gogls and Maskan
2006)

Test 20- 2 72 250 76%-0% - - - 0.9998 0.0041 (Arjona et al. 1999)

Alpeorujo

Test 21- 3 72 250 76%-0% - - - 0.9998 0.0046 (Arjona et al. 1999)

Alpeorujo

Test 22- 2 13 50 65.6%-27% | 0.999 - Herderson | 0.9996 0.0072 (Vega-Galvez et al.

Alpeorujo and Pabis 2010)

Test 23- 2 13 70 65.6%-27% | 0.999 - Herderson | 0.9991 0.0111 (Vega-Galvez et al.

Alpeorujo and Pabis 2010)

Test 24- 1.2 - 135 55%-0% - - - 0.9996 0.0088 (Krokida et al. 2002)

Alpeorujo

Microwave-

Convective

Dryers

Test 25- 4 7 40 67.65%-0% | - - - 0.9998 0.0052 (Milczarek et al. 2011)

Alpeorujo

Test 26- 4 7 60 67.65%-0% | - 0.0056 | Midillietal. [ 0.9999 0.0034 (Milczarek et al. 2011)

Alpeorujo

Test 27-Orujo - 14 160 45%-4.7% | 0.999 - Lewis 0.9998 0.0097 (Gogls and Maskan
2001)

Test 28-Orujo - 14 225 45%-4.7% | 0.983 - Lewis 0.9999 0.0080 (Gogus and Maskan
2001)

Infrared Dryers

Test 29-Orujo - 7 120 48%-8% 0.9999 | 0.0019 | Midillietal. |1 0.0016 (Ruiz Celma et al.
2008)

Test 30-Orujo - 7 140 48%-8% 0.9999 | 0.0019 | Midillietal. |1 0.0016 (Ruiz Celma et al.
2008)
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A broad cross-section of experiments carried out by researchers on the drying of
these wastes for different drying systems has been examined in this review. In total, 30
drying tests have been reproduced. Drying curves have been newly fitted from a recent
mathematical model proposed for the drying of “alpeorujo” (Gomez-de la Cruz et al.
2014a) and olive stone (Goémez-de la Cruz et al. 2014b), the two-term Gaussian model.
Table 2 shows the characteristics of the drying experiments, the statistical criteria of the
best mathematical models of fit presented by authors in their work, and the statistical
criteria obtained with the two-term Gaussian model. To compare the quality of fit, the
coefficient of determination (R?) and root mean square error (RMSE) were used. High
values of R? and low values of RMSE are needed to show a suitable mathematical model
that explains the drying of these by-products. The two-term Gaussian model improved the
statistical parameters of fit in all drying experiments as shown in Table 2.

The experiments presented a wide range of drying air temperatures, drying air
velocities, and samples thicknesses. The initial moisture content also varied for the same
by-product; “Orujo” had an initial moisture content between 36.7% and 55% (wet basis),
and “alpeorujo” had values between 55% and 76% (wet basis). In tests 6 through 9, a
pretreatment of centrifugation was carried out in the “alpeorujo” to reduce the moisture
content to 50%. The final moisture content is shown as well. Figures 1 through 5 show the
drying curves of the detailed experiments in Table 2 for each drying system. Furthermore,
these curves were fitted to the Two-Term Gaussian model. As shown, this model seems to
provide adequate approximation of experimental data of the drying curves.

[ [ [ [ [ [
® Test 1. Alpeorujo, T=80 °C, L=6.2 mm, v=1 m/s
Approximation by the Two term Gaussian model ]
B Test 2. Alpeorujo, T=40 °C, L=6.2 mm, v=1 m/s
------ Approximation by the Two term Gaussian model
¢ Test 3. Orujo, T=32 °C, L=[20,40] mm, v=4.5 m/s
== Approximation by the Two term Gaussian model

0.9

4 Test 4. Orujo, T= 20 °C, L=[20,40] mm, v=Not mentioned

=== Approximation by the Two term Gaussian model

» Test5. Orujo, T= 30 °C, L=[20,40] mm, v=Not mentioned
== Approximation by the Two term Gaussian model
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I o o o o
IS o o ~ ©

o
w

o
N

o°
&

I L I i i ]
O0 200 400 600 800 1000 1200
DRYING TIME (min)
Fig. 1. Drying curves of the olive oil mill wastes dried with solar dryers. Experiments performed by

various authors and approximation by the Two-Term Gaussian model
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[ [ [ [
® Test6. Alpeorujo, T=100 °C, L=Not mentioned, v= 1.8 m/s
Approximation by the Two term Gaussian model

0.9 i ® Test7. Alpeorujo, T=130 °C, L=Not mentioned, v=1.8 m/s _|
‘,'; ----- Approximation by the Two term Gaussian model
‘.“‘l ¢ Test 8. Alpeorujo, T=100 °C, L=Not mentioned, v= 2.1 m/s
08k 'f L2 Approximation by the Two term Gaussian model ]
'-, % 4 Test9. Alpeorujo, T=100 °C, L=Not mentioned, v= 2.5 m/s
PRV o e Approximation by the Two term Gaussian model
0.7 ¥ Test 10. Orujo, T=50 °C, L=41 mm, v=1 m/s —
= Approximation by the Two term Gaussian model
o . <4 Test11. Orujo, T=70 °C, L=41 mm, v=1 m/s
= 06! === Approximation by the Two term Gaussian model -
é » Test12. Orujo, T=50 °C, L=63 mm, v=1 m/s
w Approximation by the Two term Gaussian model
% 05 ! + Test13. Orujo, T=70 °C, L=63 mm, v= 1 m/s —
[ K === Approximation by the Two term Gaussian model
2]
g 0.4 —
0.3 -
».
0.2— —
>
Lg
0.1 > —
»
- "~.~_-.-. » »
0 ~~-__ -l---.___J_ [

0 50 100 150 200
DRYING TIME (min)

Fig. 2. Drying curves of the olive oil mill wastes dried with fluidized bed dryers. Experiments
performed by various authors and approximation by the Two-Term Gaussian model

[ [ [ [ [ [ [ [ [
1 ® Test 14. Orujo, T=110 °C, L=8 mm, v=1.2 m/s
Approximation by Two term Gaussian model
® Test 15. Orujo, T=80 °C, L=8 mm, v=1.2 m/s
oo\ » Approximation by Two term Gaussian model _
+ Test16. Orujo, T=90 °C, L=12 mm, v=1.2 m/s
""""" Approximation by Two term Gaussian model
0.8k A Test17. Orujo, T=80 °C, L=4 mm, v=1.2 m/s
f -=== Approximation by Two term Gaussian model
v Test 18. Orujo, T=80 °C, L=6 mm, v=1.5 m/s
0.7 = Approximation by Two term Gaussian model —
o < Test19. Orujo, T=70 °C, L=9 mm, v=1.5 m/s
= g Approximation by Two term Gaussian model
é 06—k v W L > Test 20. Alpeorujo, T=250 °C, L=72 mm, v=2 m/s —
w 3 S Approximation by Two term Gaussian model
% + Test 21. Alpeorujo, T=250 °C, L=72 mm, v=3 m/s
[ 05— === Approximation by Two term Gaussian model
[} + Test 22. Alpeorujo, T=50 °C, L=13 mm, v=2 m/s
g 04l Approximation by Two term Gaussian model |
. x Test 23. Alpeorujo, T=70 °C, L=13 mm, v=2 m/s
Approximation by Two term Gaussian model
0.3 * Test 24. Alpeorujo, T=135 °C, L=Not mentioned, v=1.2 m/s
""""" Approximation by Two term Gaussian model
02—
0.1
>
o B S > [ [
0 50 150 200 250 300 350 400 450 500

DRYING TIME (min)

Fig. 3. Drying curves of the olive oil mill wastes dried with convective dryers. Experiments
performed by various authors and approximation by the Two-Term Gaussian model
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[ [ [ [ [ [ [

e ® Test 25. Alpeorujo, T=40 °C, L=7 mm, v=4 m/s
) Approximation by the Two term Gaussian model
0.9 i B Test 26. Alpeorujo, T=60 °C, L=7 mm, v=4 m/s |
W Approximation by the Two term Gaussian model
! ¢ Test 27. Orujo, T=160 °C, L=14 mm, v=Not mentioned m/s
0.8 j\ """"" Approximation by the Two term Gaussian model -

\ 4 Test 28. Orujo, T=225 °C, L=14 mm, v=Not mentioned m/s
!‘ e Approximation by the Two term Gaussian model
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Fig. 4. Drying curves of the olive oil mill wastes dried with microwave-convective dryers.
Experiments performed by various authors and approximation by the Two-Term Gaussian model

1 [ [ [ [ [ [ [ -
= ® Test29. Orujo, T= 120 °C, L=7 mm
Approximation by the Two term Gaussian model
09— . ®  Test 30. Orujo, T= 140 °C, L=7 mm —
‘\ ----- Approximation by the Two term Gaussian model
\l‘
0.8 h
0.7

MOISTURE RATIO
o o
(9] o
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I

0.3

01—

o [ L L [ L [ [ [
0 5 10 15 20 25 30 35 40
DRYING TIME (min)

Fig. 5. Drying curves of the olive oil mill wastes dried with infrared dryers. Experiments performed
by various authors and approximation by Two-Term Gaussian model

A general analysis of these curves shows that the main guiding force in the drying
of these by-products is the drying air temperature; however, high drying air velocities
substantially decreased the drying time, and sample size is another important factor. For
similar conditions of temperature and velocity, it is vital to decrease the sample thickness
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to reduce the drying time. The figures indicate that drying depends on the moisture content
of the by-product, as the moisture content increases, the drying time increases as well; thus,
the drying times for “alpeorujo” are longer than those for “orujo”, under similar drying
conditions.

Figure 1 shows that drying times in the tests carried out in solar dryers were the
longest (above 20 h) because of the low drying air temperature and drying air velocity (tests
1 and 2, “alpeorujo”). When the air velocity was increased, however, the drying time
decreased to less than 7 h (test 3, “orujo”). A sample thickness between 20 and 40 mm
increased the drying time, approximately one day (tests 4 and 5, “orujo”™).

The drying curves of the fluidized bed dryers are shown in Fig. 2. Similar initial
moisture contents are found for both the “alpeorujo” and “orujo”. As previously mentioned,
the “alpeorujo” moisture content was reduced up to 50% (wet basis). In this type of dryer,
low drying air temperatures, low air velocities, and several considerable sample thicknesses
increased the drying time, between 1 and 4 h (tests 10 through 13, “orujo”), while drying
air temperatures higher than 100 °C and air velocities between 1.8 and 2.5 m/s achieved a
faster drying, between 25 and 50 min (tests 6 through 9, “alpeorujo™).

In Fig. 3, the drying curves of the 11 experiments conducted in convective dryers
are depicted. Tests performed at 250 °C resulted in very fast drying, below 1 h (tests 20
and 21, “alpeorujo”). A set of experiments at temperatures between 70 and 135 °C had
sample thicknesses between 4 and 9 mm, similar air velocities, and drying times in the
range of 50 to 150 min (tests 14 and 15, tests 17 through 19, “orujo” and test 24,
“alpeorujo”). When the sample thickness is greater than 10 mm, at drying air temperatures
from 50 to 90 °C and drying air velocities of 1.2 (test 16, “orujo”) and 2 m/s (tests 22 and
23, “alpeorujo”), the drying time is longer than 5 h.

Figure 4 illustrates the four experiments performed in microwave-convective
dryers. Drying times in this type of dryer were long when the drying air temperatures
ranged from 40 to 60 °C, for drying time greater than 150 min, even at a high velocity, 4
m/s, and a relatively small sample thickness, 7 mm (tests 25 and 26, “alpeorujo”); however,
for greater thicknesses in the temperature range of 160 to 225 °C, the drying experiments
were completed in less than 15 min (tests 27 and 28, “orujo”).

The drying curves of “orujo” carried out in an infrared dryer without drying air flow
are plotted in Fig. 5. Test 29, at 140 °C, presented a drying time less than test 30, which
was performed at 120 °C with the same sample thickness. In both cases, the drying time
was greater than 1 hour.

DRYING RATES

The drying rate was calculated to better understand the drying behavior, drying
stages, and the efficiency of the process. This value represents the amount of evaporated
water per time unit. Experimentally, drying rate can be calculated from the moisture
content variation with respect to time as shown by Eq. 2,

DR ~ — Mesae=Me (2)
At

where DR is the drying rate (KQwater/KQdry solid-S), t is the drying time (S), M, represents
the moisture content at time t + At (KQwater/KQdry solid), and M, represents the moisture
content at time t (kgwater/Kgary solia). Drying rates can also be calculated from the derivative
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with respect to time of the thin-layer mathematical models proposed in Table 1 using Eqg.
3:
d(MR)

Xy = ——— 3)
In this equation x,, indicates that the drying rate is expressed as the reciprocal of unit of
time; however, errors can be significant in the drying rate when the derivative function of
these mathematical models is obtained, even for high values of R? and low values of RMSE.
The two-term Gaussian model presents an excellent quality of fit: practically, R? values
equal to 1 and RMSE values less than 0.01 are obtained. In this sense, the derivative of this
model can be used to calculate the drying rate curves for olive oil mill wastes with a good
approximation, as other works have confirmed (Gomez-de la Cruz et al. 2014a,b;
Casanova-Pelaez et al. 2015). In the vast majority of works, drying rate curves have been
plotted as a function of moisture ratio instead of drying time. Figures 6 through 10 show
the drying rate for each drying system: solar dryers, fluidized bed dryers, convective dryers,
microwave-convective dryers, and infrared dryers, respectively.

x 10°
12 T T T T T T T T T

—Test 1. Alpeorujo. T=80 °C, L=6.2 mm, v=1 m/s
------ Test 2. Alpeorujo. T=40 °C, L= 6.2 mm, v=1 m/s
Test 3. Orujo. T=32 °C, L=[20,40] mm, v=4.5 m/s
-==-Test 4. Orujo. T=20 °C, L= [20,40] mm, v= Not mentioned [
1= e Test5. Orujo. T=30 °C, L=[20,40] mm, v= Not mentioned . T,

o o
o )
] ]

DRYING RATE (K, ie/K8y coiq’S)
o
5
]

[ [ [ [ [ [ [ [ [
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
MOISTURE RATIO

0 [

Fig. 6. Drying rate curves of the olive oil mill wastes dried with solar dryers calculated from the
two-term Gaussian model
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Fig. 7. Drying rate curves of the olive oil mill wastes dried with fluidized bed dryers calculated
from the two-term Gaussian model
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Fig. 8. Drying rate curves of the olive oil mill wastes dried with convective dryers calculated from

the two-term Gaussian model
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Fig. 9. Drying rate curves of the olive oil mill wastes dried with microwave-convective dryers
calculated from the two-term Gaussian model
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Fig. 10. Drying rate curves of the olive oil mill wastes dried with infrared dryers calculated from
the two-term Gaussian model

These curves provide evidence regarding the mechanisms of heat and mass
transport phenomena and allow for the study of the variables that intervened in the drying
process of the olive oil mill by-products. Several works investigated the influence of
variables such as drying air temperature, air velocity, sample thickness, and moisture
content in the drying stages on the drying rate (Arjona et al. 1999; Ruiz Celma et al. 2008;
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Meziane 2011; Gémez-de la Cruz et al. 2014b; Casanova-Peléez et al. 2015). There exist,
however, other important factors that occur in the drying of olive oil mill wastes that are
very difficult to investigate. Some of these factors are: physical and chemical phenomena,
composition of the by-products, capillary diffusion, porosity, and heterogeneity of the
particles.

By analyzing the drying rate curves, several drying stages can be differentiated:
warm-up period, first falling rate period, and second falling rate period. Some researchers
have defined a fourth stage at temperatures higher than 200 °C, where water removal and
volatile release take place simultaneously, mainly when the moisture content tends to
equilibrium moisture content (tests 20 and 21, “alpeorujo” and test 28, “orujo”) (Arjona et
al. 1999). As shown by the curves, the drying of olive oil mill wastes does not manifest a
constant rate period. These drying phases are exhibited too in other agricultural products
such as apples (Gonzéalez-Fésler et al. 2008), pears (Guiné et al. 2007), potatoes (Wang et
al. 2004), and pumpkins (Wang et al. 2007).

The warm-up period is characterized by rapid heating of the entire sample surface.
In this phase, the total surface of the sample is saturated. All water on the surface is
practically removed, but capillary suction is not sufficient enough to transport the water
content from the inside to the outside of the sample. The drying rate increases as sample
temperature increases. As the temperature approaches 100 °C, water removal is produced
by higher vapor pressures (ebullition), and the drying rate is raised until a maximum value
is reached (Fig. 8: tests 20 and 21, Fig. 9: test 28, Fig. 10: tests 29 and 30). At temperatures
less than 100 °C, this period tends to be constant (Fig. 6: test 4, Fig. 7: tests 10 through 13,
Fig. 8: tests 16 and 17). The maximum value of drying rate moves in a downward direction
of the dimensionless moisture ratio. Nevertheless, when the sample is unsaturated, this
period may disappear entirely, even at temperatures greater than 100 °C (Fig. 7: test 9, Fig.
8: test 24, Fig. 9: test 27). This indicates that all drying processes occur in a falling rate
period. Drying air velocity is important too in this stage, for the same conditions of
temperature and sample thickness (Fig. 8: tests 20 and 21). Furthermore, for high drying
air velocities, this period can be appreciated due to the fast drying by convection
phenomenon, even at low temperatures (Fig. 6: test 3).

The first falling rate period is manifested at low temperatures when small quantities
of water in the sample surface still exist (Fig. 6: tests 3 through 5, Fig. 9: tests 27 and 28).
At higher temperatures (>100 °C), continuous movement of water from within the porous
medium to the sample surface is observed, which is mainly motivated by temperature (Fig.
10: tests 29 and 30). This period is called the funicular state (Strumillo and Kudra 1986),
in which drying rate decreases as the moisture content at the surface decreases. The length
of this stage may vary depending on the complex composition of the by-products. In some
instances this period can hardly be differentiated, being very short or negligible (Figs. 7
and 8). At very high temperatures this period tends to disappear because all the water at the
surface is rapidly eliminated in the warm-up period.

In the second falling rate period, liquid and vapor (<100 °C, the pendular state
(Strumillo and Kudra 1986)) and vapor (>100 °C) migration is mainly produced by a
diffusion phenomenon. In this stage the sample surface is completely dry and water is
transported from inside the sample to the surface. The second falling rate period can be
appreciated in all the reported drying tests.
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Average Drying Rate

To measure the average speed of evaporated water in the different drying systems,
the average drying rate was calculated. This value is calculated as the total quantity of
water, eliminated from initial moisture content to equilibrium moisture content and divided
by the drying time until the equilibrium moisture content is achieved. Mathematically, this
value can be calculated by the integration of Eq. 3 utilizing the two-term Gaussian model
betweent = 0 and t = t), as:

t=tpy, d(MR)
S f T dt dt

X, == dr © (4)

tm,

Average drying rate can be used to design and optimize future drying experiments
and allow for proper estimation of the drying time. Furthermore, it can serve as a starting
point to obtain the drying efficiency in each experiment. Table 3 specifies this value for
each drying experiment, both “alpeorujo” and “orujo”.

The highest average drying rates corresponded to the drying experiments carried
out in microwave-convective dryers for “orujo” at elevated drying air temperatures (tests
27 and 28). The combination of microwaves and high drying air temperatures is essential
to ensure fast drying, but, as stated previously, a considerable amount of energy should be
taken into account. High average drying rates were achieved in tests 20 and 21 performed
in convective dryers for “alpeorujo”. In these experiments, high drying air velocities and
temperatures were used. Fluidized bed dryers had good values for temperatures equal to or
greater than 100 °C, taking into account air velocities between 1.8 and 2.5 m/s. Even
without air flows, experiments performed in infrared dryers presented good results when
drying temperatures exceeded 100 °C (tests 29 and 30); however, at low temperatures this
value declined sharply for all drying systems, especially for solar dryers (tests 1 through
5), in which the average drying rates were the lowest of all experiments. Nevertheless, the
great advantage of this dryer is the utilization of renewable energy.

EFFECTIVE MOISTURE DIFFUSIVITY AND ACTIVATION ENERGY

In the previous section it was confirmed that the falling rate period is the longest
stage in the drying of olive oil mill wastes (Figs. 6 through 10). During this period, the
main mass transfer mechanism is diffusion, which includes phenomena such as molecular
diffusion, Knudsen diffusion, non-Fickian or stress driven diffusion, liquid diffusion
through solid pores, and vapor diffusion in air-filled pores (Efremov and Kudra 2004).
However, there are other mechanisms of mass transport such as capillarity, hydrodynamic
flow, and evaporation-condensation that are manifested as well. In this sense, effective
moisture diffusivity is usually defined as an overall mass transport property of moisture
that includes the main mechanisms of mass transport, and it can explain the mass transfer
process during the drying of these by-products (Vasi¢ et al. 2014; Gomez-de la Cruz et al.
2015c¢). This variable is associated with the diffusion of mass into the medium during the
changing of moisture content with the drying time and is obtained from Fick’s second law
of diffusion (Eq. 5),

d(MR) _ 9%(MR)
ac = Derr =55 (5)
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Table 3. Average Drying Rates of the Experiments Performed in the Drying of Olive Oil Mill Wastes

Experiments Velocity | Sample Temperature | Initial moisture | Drying time | Average Average Reference

and (m/s) thicknes | (°C) content (dry at Me=0.08 drying rate drying rate

By-products s (mm) basis) (min) (minY)-103 (gwater / kgary

matter'S)

Solar Dryers

Test 1-Alpeorujo 1 6.2 80 1.94 1178 0.819 0.026 (Celma et al. 2007)

Test 2-Alpeorujo 1 6.2 40 1.94 1860 0.514 0.017 (Celma et al. 2007)

Test 3-Orujo 4.5 30 32 1.22 364.5 2.564 0.052 (Montero et al. 2010)

Test 4-Orujo - 30 20 1.22 1383 0.676 0.014 (Montero et al. 2011)

Test 5-Orujo - 30 3 1.22 1526 0.612 0.012 (Montero et al. 2011)

Fluidized Bed

Dryers

Test 6-Alpeorujo 1.8m/s |- 100 1 36.3 25.36 0.423 (Liébanes et al. 2006)

Test 7-Alpeorujo 1.8 - 130 1 24.9 37.01 0.617 (Liébanes et al. 2006)

Test 8-Alpeorujo 2.1 - 100 1 31.5 29.25 0.487 (Liébanes et al. 2006)

Test 9-Alpeorujo 2.5 - 100 1 19.7 46.6 0.777 (Liébanes et al. 2006)

Test 10-Orujo 1 41 50 0.94 83 11.02 0.177 (Meziane 2011)

Test 11-Orujo 1 41 70 0.94 49 18.62 0.293 (Meziane 2011)

Test 12-Orujo 1 63 50 0.94 171 5.364 0.085 (Meziane 2011)

Test 13-Orujo 1 63 70 0.94 83.1 11.01 0.174 (Meziane 2011)

Convective

Dryers

Test 14-Orujo 1.2 8 110 0.82 72.5 12.43 0.169 (Akgun and Doymaz
2005)

Test 15-Orujo 1.2 8 80 0.82 1175 7.685 0.105 (Akgun and Doymaz
2005)

Test 16-Orujo 1.2 12 90 0.82 279.2 3.246 0.044 (Doymaz et al. 2004)

Test 17-Orujo 1.2 4 80 0.82 96 9.405 0.128 (Doymaz et al. 2004)

Test 18-Orujo 1.2 6 80 0.58 27.6 31.37 0.303 (Gogls and Maskan
2006)

Test 19-Orujo 15 9 70 0.58 57.5 14.91 0.144 (Gogls and Maskan
2006)
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Test 20-Alpeorujo | 2 72 250 3.17 44.4 21.93 1.157 (Arjona et al. 1999)

Test 21-Alpeorujo | 3 72 250 3.17 40.9 23.85 1.259 (Arjona et al. 1999)

Test 22-Alpeorujo | 2 13 50 1.91 1162 0.826 0.026 (Vega-Galvez et al.
2010)

Test 23-Alpeorujo | 2 13 70 1.91 877 1.076 0.034 (Vega-Galvez et al.
2010)

Test 24-Alpeorujo | 1.2 - 135 1.22 44.3 21.15 0.430 (Krokida et al. 2002)

Microwave-

Convective

Dryers

Test 25-Alpeorujo | 4 7 40 2.09 352.8 2.706 0.094 (Milczarek et al. 2011)

Test 26-Alpeorujo | 4 7 60 2.09 191.2 4.997 0.174 (Milczarek et al. 2011)

Test 27-Orujo - 14 160 0.82 6.2 144.4 1.969 (Gogls and Maskan
2001)

Test 28-Orujo - 14 225 0.82 4.9 185.7 2.532 (Gogls and Maskan
2001)

Infrared Dryers

Test 29-Orujo - 7 120 0.92 50.9 17.94 0.276 (Ruiz Celma et al.
2008)

Test 30-Orujo - 7 140 0.92 43.4 21.06 0.324 (Ruiz Celma et al.

2008)
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where, D, is the effective moisture diffusivity (m?/s), MR is the moisture ratio, x is the
spatial dimension (m), and t is the drying time (s). For the one-dimensional mass transport
in infinite slab geometry, the solution was proposed by Crank (1975) and is represented by
Eg. 6 with the following assumptions: constant diffusion coefficients, constant
temperature, and negligible shrinkage.

(_ (2n+1)2nZDefft) (6)

MR =

8 yoo
- ;ano (2n+1)2
The general solution is a complex formula with infinite terms; however, the vast
majority of researchers take into account only the first term of the general expression
considering that for sufficiently long drying times only the first term provides a good
estimation of the solution (Di Scala and Crapiste 2008). Equation 6 can therefore be
simplified into Eq. 7,

8 2Derrt
MR = — exp (— L—sz) (7)
where L is the sample thickness (m). The effective moisture diffusivity is typically
calculated by plotting the experimental drying data like In XR (moisture ratio) versus t
(time). Its plot is fitted from a linear function whose slope allows its value to be calculated
as Eq. 8:

Slope-L?
2

Defy = — 8
Since effective moisture diffusivity depends on temperature, activation energy
values have been obtained by researchers through an Arrhenius-type relationship Eqg. 9,

D.ss = Dyexp (— i—;) ©)

where D, is the pre-exponential factor (m?/s), R is universal gas constant (kJ-mol™*-K?), T
is the absolute temperature (K), and E, is the activation energy (kJ-mol™).

Table 4 shows the values of effective moisture diffusivity and activation energy
calculated by researchers for olive oil mill by-products. The results indicate that both
effective moisture diffusivity and activation energy depend on sample thickness. The
values of effective moisture diffusivity increase as the drying temperature and sample
thickness increase. Activation energy values are augmented when the sample thickness is
increased. It is logical to think that for high sample thicknesses, the energy required to
produce the molecular movement should be higher.

It has been impossible to find a function that relates the effective moisture
diffusivity of by-products with the drying temperature and sample thickness. Finding a
relationship between activation energy and sample thickness was an unrealizable task as
well; however, for studies of olive oil mill wastes of the same nature, the effective moisture
diffusivity dependence with respect to drying temperature and sample thickness was
manifested. Figures 11 and 12 show this relationship for studies carried out by Gégus and
Maskan (2006) and Meziane (2011) for “orujo”. A similar relationship was found in the
drying of spent coffee grounds (Gomez-de la Cruz et al. 2015a). This indicates that
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Table 4. Effective Moisture Diffusivity and Activation Energy Values for Different
Experiments Conducted by Various Works

Type of Velocity | Sample Temp Effective Activation Reference
Dryer and (m/s) Thickness | (°C) Moisture Energy
By-product (mm) Diffusivity (kJ/mol)
(m?/s)-10°

Solar Dryers | 1 6.2 20 0.22 15.77 (Celma et al.
Alpeorujo 40 0.45 2007)

80 0.7
Solar Dryers | - 30 20 0.54 38.64 (Montero et al.
Orujo 30 0.76 2011)

40 1.41
Fluidized 1 41 50 68 34.05 (Meziane 2011)
Bed Dryers 60 97
Orujo 70 153

80 193
Fluidized 1 52 50 82 36.84 (Meziane 2011)
Bed Dryers 60 133
Orujo 70 183
Fluidized 1 63 50, 94 38.10 (Meziane 2011)
Bed Dryers 60 148
Orujo 70 215
Convective 1.2 8 50 3.38 17.97 (Akgun and
Dryers 60 4.85 Doymaz 2005)
Orujo 70 6.25

80 7.15

90 7.89

100 8.82

110 11.3
Convective 1.2 12 80 0.49 26.71 (Doymaz et al.
Dryers 90 0.62 2004)
Orujo 100 0.79

110 0.99
Convective 15 6 60 184 25.4 (Gogis and
Dryers 70 303 Maskan 2006)
Orujo 80 342
Convective 15 9 60 217 25.7 (Gogus and
Dryers 70 298 Maskan 2006)
Orujo 80 367
Convective 15 12 60 218 29.2 (Gogus and
Dryers 70 322 Maskan 2006)
Orujo 80 394
Convective 2 13 50 1.03 12.43 (Vega-Galvez et
Dryers 60 1.2 al. 2010)
Alpeorujo 70 1.37

80 1.54

90 1.71
Microwave- 4 7 40 0.89 22.6 (Milczarek et al.
Convective 50 1.24 2011)
Dryers 60 1.56
Alpeorujo 70 1.95
Infrared - 7 80 5.96 21.3 (Ruiz Celma et
Dryers 100 7.94 al. 2008)
Orujo 120 13.9

140 15.9
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CONCLUSIONS

1. The drying kinetics of olive oil mill wastes has been reviewed in different drying
systems for different drying conditions. It has been shown that drying depends
mainly on three variables: drying temperature, air velocity, and sample thickness,
with drying temperature being the main parameter to produce better results.

2. Drying curves of 30 experiments were fitted to the two-term Gaussian model, which
presented the best results of fit in all drying tests proposed by various researchers.
Its excellent quality of fit allowed for analytically obtaining the drying rate from its
derivative function.

3. Drying rate curves permitted the analysis of different drying stages: the warm-up
period, first falling rate period, and second falling rate period.

4. Microwave-convective dryers presented the highest average drying rates due to the
combination of microwave energy and hot air convection. The lowest average
drying rates were found in the solar dryers and were due to low temperatures.
However, although solar drying is the slowest process, it is more sustainable and
environmental friendly.

5. The drying features of olive oil mill wastes considered in this work showed that the
vast majority of the drying process occurred during the falling rate period.

6. Effective moisture diffusivity and activation energy values were analyzed. There
was no relationship between these variables and their independent variables. This
evidenced that drying of olive oil mill wastes is a very complex physical process
that depends heavily on aspects such as particle size, the amount of oil contained in
them, and the percentages of pulp, skin, olive stone, and organics compounds.

ACKNOWLEDGMENTS

This work has been conducted with the financial support of the Spanish “Consejeria
Andaluza de Innovacion, Ciencia y Empresa” through the research projects AGR-6131
(“Modelado y Control de secadero rotativo de orujo”) and AGR-6509 (“Produccion de
biocombustible utilizando hueso de aceituna y residuos de poda de olivo”) as part of the
research program “Proyectos de Excelencia de la Junta de Andalucia 2010-2014”. The
authors gratefully acknowledge the financial support provided.

REFERENCES CITED

Akgun, N. A., and Doymaz, 1. (2005). “Modelling of olive cake thin-layer drying process,”
Journal of Food Engineering 68(4), 455-461. DOI: 10.1016/j.jfoodeng.2004.06.023
Altieri, G., Di Renzo, G. C., and Genovese, F. (2013). “Horizontal centrifuge with screw
conveyor (decanter): Optimization of oil/water levels and differential speed during

olive oil extraction,” Journal of Food Engineering 119(3), 561-572.
DOI: 10.1016/j.jfoodeng.2013.06.033

Gomez-de la Cruz et al. (2015). “Drying olive waste,” BioResources 10(3), Pg # to be added. 22



PEER-REVIEWED REVIEW ARTICLE b | oresources.com

Arjona, R., Garcia, A., and Ollero, P. (1999). “Drying of alpeorujo, a waste product of the
olive oil mill industry,” Journal of Food Engineering 41(3), 229-234.

DOI: 10.1016/S0260-8774(99)00104-1

Boncinelli, P., Daou, M., Cini, E., and Catalano, P. (2009). “A simplified model for
designing and regulating centrifugal decanters for olive oil production,” Transactions
of the ASABE 52(6), 1961-1968.

Casanova-Pelaez, P. J., Palomar-Carnicero, J. M., Manzano-Agugliaro, F., and Cruz-
Peragon, F. (2015). “Olive cake improvement for bioenergy: The drying kinetics,”
International Journal of Green Energy 12(6), 559-5609.

DOI: 10.1080/15435075.2014.880347

Casanova-Pelaez, P. J., Cruz-Peragon, F., Palomar-Carnicero, J. M., Dorado, R., and
Lopez-Garcia, R. (2012). “RBF-ARX model of an industrial furnace for drying olive
pomace,” Energy Conversion and Management 64, 106-112.

DOI: 10.1016/j.enconman.2012.04.013

Celma, A. R., Rojas, S., Lépez, F., Montero, 1., and Miranda, T. (2007). “Thin-layer drying
behaviour of sludge of olive oil extraction,” Journal of Food Engineering 80(4), 1261-
1271. DOI: 10.1016/j.jfoodeng.2006.09.020

Chavez-Méndez, C., Salgado-Cervantcs, M. A., Garcia-Galindo, H. S., De la Cruz-Medina,
J., and Garcia-Alvarado, M. A. (1995). “Modeling of drying curves for some foodstuffs
using a kinetic equation of high order,” Drying Technology 13(8-9), 2113-2122. DOI:
10.1080/07373939508917067

Corzo, O., Bracho, N., Pereira, A., and Vasquez, A. (2008). “Weibull distribution for
modeling air drying of coroba slices,” LWT - Food Science and Technology 41(10),
2023-2028. DOI:10.1016/j.lwt.2008.01.002

Crank, J. (1975). The Mathematics of Diffusion. Oxford, England: Clarendon Press.

Cruz-Peragon, F., Palomar, J. M., and Ortega, A. (2006). “Integral energy cycle for the
olive oil sector in the province of jaén,” [Ciclo energético integral del sector oleoicola
en la provincia de Jaén (Espafia)] Grasas Y Aceites 57(2), 219-228.
DOI:10.3989/gya.2006.v57.i2.41

Di Scala, K., and Crapiste, G. (2008). “Drying kinetics and quality changes during drying
of red pepper,” LWT - Food Science and Technology 41(5), 789-795.
DOI:10.1016/j.lwt.2007.06.007

Diamante, L. M., and Munro, P. A. (1993). “Mathematical modelling of the thin layer solar
drying of sweet potato slices,” Solar Energy 51(4), 271-276.

DOI: 10.1016/0038-092X(93)90122-5

Doymaz, 1. (2011). “Drying of green bean and okra under solar energy,” [Karakteristike
suSenja boranije i bamije suncevom energijom] Chemical Industry and Chemical
Engineering Quarterly 17(2), 199-205. DOI: 10.2298/CICEQ101217004D

Doymaz, 1., Gorel, O., and Akgun, N. A. (2004). “Drying characteristics of the solid by-
product of olive oil extraction,” Biosystems Engineering 88(2), 213-219.

DOI: 10.1016/j.biosystemseng.2004.03.003

Efremov, G., and Kudra T. (2004). “Calculation of the effective diffusion coefficients by
applying a quasi-stationary equation for drying kinetics,” Drying Technology 22(10),
2273-2279. DOI:10.1081/DRT-200039993

Garcia-Maraver, A., Zamorano, M., Ramos-Ridao, A., and Diaz, L. F. (2012). “Analysis
of olive grove residual biomass potential for electric and thermal energy generation in
andalusia (spain),” Renewable and Sustainable Energy Reviews 16(1), 745-751.
DOI:10.1016/j.rser.2011.08.040

Gomez-de la Cruz et al. (2015). “Drying olive waste,” BioResources 10(3), Pg # to be added. 23



PEER-REVIEWED REVIEW ARTICLE b | oresources.com

Gogus, F., and Maskan, M. (2001). “Drying of olive pomace by a combined microwave-
fan assisted convection oven,” Die Nahrung 45(2), 129-132.

DOI: 10.1002/1521-3803(20010401)45:2<129::AID-FO0OD129>3.0.CO;2-T

Gogus, F., and Maskan, M. (2006). “Air drying characteristics of solid waste (pomace) of
olive oil processing,” Journal of Food Engineering 72(4), 378-382.
DOI:10.1016/j.jfoodeng.2004.12.018

Gomez-de la Cruz, F. J., Casanova-Pelé&ez, P. J., Palomar-Carnicero, J. M., Sanchez, S.,
Pacheco, R., and Cruz-Peragon, F. (2014a). “Obtaining of the drying rate of alpeorujo
for applications on rotary dryers,” International Scientific Journal - Journal of
Environmental Science 3, 191-197.

Gomez-de la Cruz, F. J., Casanova-Peléez, P. J., Palomar-Carnicero, J. M., and Cruz-
Peragon, F. (2014b). “Drying kinetics of olive stone: A valuable source of biomass
obtained in the olive oil extraction,” Energy 75, 146-152.
DOI:10.1016/j.energy.2014.06.085

GOmez-de la Cruz, F. J., Cruz-Peragén, F., Casanova-Peléez, P. J., and Palomar-Carnicero,
J. M. (2015a). ““A vital stage in the large-scale production of biofuels from spent coffee
grounds: The drying kinetics,” Fuel Processing Technology 130, 188-196.
DOI:10.1016/j.fuproc.2014.10.012

Gomez-de la Cruz, F. J., Casanova-Peléez, P. J., Palomar-Carnicero, J. M., and Cruz-
Peragon, F. (2015b). “Modeling of olive-oil mill waste rotary dryers: Green energy
recovery systems,” Applied Thermal Engineering 80(0), 362-373.
DOI:10.1016/j.applthermaleng.2015.01.035

Gomez-de la Cruz, F. J., Palomar-Carnicero, J. M., Casanova-Pel&ez, P. J., and Cruz-
Peragon, F. (2015c). “Experimental determination of effective moisture diffusivity
during the drying of clean olive stone: Dependence of temperature, moisture content
and sample thickness,” Fuel Processing Technology 137, 320-326.
DOI:10.1016/j.fuproc.2015.03.018

Gonzalez-Fésler, M., Salvatori, D., Gdmez, P., and Alzamora, S. M. (2008). “Convective
air drying of apples as affected by blanching and calcium impregnation,” Journal of
Food Engineering 87(3), 323-332. DOI:10.1016/j.jfoodeng.2007.12.007

Guiné, R. P. F., Ferreira, D. M. S., Barroca, M. J., and Gongalves, F. M. (2007). “Study of
the drying Kinetics of solar-dried pears,” Biosystems Engineering 98(4), 422-429.
DOI:10.1016/j.biosystemseng.2007.09.010

Henderson, S. M., and Pabis, S. (1961). “Grain drying theory. Il. Temperature effects on
drying coefficients,” Journal of Agricultural Engineering Research 6, 169-174.

International Olive Council (10C). (2014a). “EU olive oil figures: Production,”
(www.internationaloliveoil.org/estaticos/view/131-world-olive-oil-figures).

International Olive Council (10C). (2014b). “World olive oil figures: Production,”
(www.internationaloliveoil.org/estaticos/view/131-world-olive-oil-figures).

Jurado, F., Cano, A., and Carpio, J. (2003). “Modelling of combined cycle power plants
using biomass,” Renewable Energy 28(5), 743-753.
DOI:10.1016/S0960-1481(02)00113-1

Krokida, M. K., Maroulis, Z. B., and Kremalis, C. (2002). “Process design of rotary
dryers for olive cake,” Drying Technology 20(4-5), 771-788.
DOI:10.1081/DRT-120003756

Lewis, W. K. (1921). “The rate of drying of solid materials,” Journal of Industrial and
Engineering Chemistry 13, 427-432.

Gomez-de la Cruz et al. (2015). “Drying olive waste,” BioResources 10(3), Pg # to be added. 24


http://www.internationaloliveoil.org/estaticos/view/131-world-olive-oil-figures
http://www.internationaloliveoil.org/estaticos/view/131-world-olive-oil-figures

PEER-REVIEWED REVIEW ARTICLE b | oresources.com

Liébanes, M. D., Aragon, J. M., Palancar, M. C., Arévalo, G., and Jiménez, D. (2006).
“Fluidized bed drying of 2-phase olive oil mill by-products,” Drying Technology
24(12), 1609-1618. DOI: 10.1080/07373930601031059

Meziane, S. (2011). “Drying kinetics of olive pomace in a fluidized bed dryer,” Energy
Conversion and Management 52(3), 1644-1649.

DOI: 10.1016/j.enconman.2010.10.027

Midilli, A., Kucuk, H., and Yapar, Z. (2002). “A new model for single-layer drying,”
Drying Technology 20(7), 1503-1513. DOI: 10.1081/DRT-120005864

Milczarek, R. R., Dai, A. A., Otoni, C. G., and McHugh, T. H. (2011). “Effect of
shrinkage on isothermal drying behavior of 2-phase olive mill waste,” Journal of
Food Engineering 103(4), 434-441. DOI:10.1016/j.jfoodeng.2010.11.013

Montero, 1., Blanco, J., Miranda, T., Rojas, S., and Celma, A. R. (2010). “Design,
construction and performance testing of a solar dryer for agroindustrial by-products,”
Energy Conversion and Management 51(7), 1510-1521.

DOI: 10.1016/j.enconman.2010.02.009

Montero, I., Miranda, T., Arranz, J. I., and Rojas, C. V. (2011). “Thin layer drying
kinetics of by-products from olive oil processing,” International Journal of Molecular
Sciences 12(11), 7885-7897. DOI: 10.3390/ijms12117885

Moral, P. S., and Méndez, M. V. R. (2006). “Production of pomace olive oil,” Grasas Y
Aceites 57(1), 47-55. DOI:10.3989/gya.2006.v57.i1.21

Noomhorm, A., and Verma, L. R. (1986). “Generalized single-layer rice drying models,”
Transactions of the American Society of Agricultural Engineers 29(2), 587-591.

Overhults, D. G., White, G. M., Hamilton, H. E., and Ross, I. J. (1973). “Drying soybeans
with heated air,” Transactions of the American Society of Agricultural Engineers
16(1), 112-113.

Page, G. E. (1949). “Factors influencing the maximum rates of air drying shelled corn in
thin layers,” M. Sc. Thesis, Purdue University, Lafayette, IN, USA.

Rosua, J. M., and Pasadas, M. (2012). “Biomass potential in Andalusia, from grapevines,
olives, fruit trees and poplar, for providing heating in homes,” Renewable and
Sustainable Energy Reviews 16(6), 4190-4195. DOI:10.1016/j.rser.2012.02.035

Ruiz Celma, A., Rojas, S., and Lopez-Rodriguez, F. (2008). “Mathematical modelling of
thin-layer infrared drying of wet olive husk,” Chemical Engineering and Processing:
Process Intensification 47(9-10), 1810-1818. DOI:10.1016/j.cep.2007.10.003

Strumillo, C, and Kudra, T. (1986). Drying: Principles, Application and Design, Gordon
and Breach, London.

Vasié, M., Grbav¢ié, Z, and Radojevié¢ Z. (2014). “Analysis of moisture transfer during
the drying of clay tiles with particular reference to an estimation of the time-
dependent effective diffusivity,” Drying Technology 32(7), 829-840.
DOI:10.1080/07373937.2013.870194

Vega-Galvez, A., Miranda, M., Diaz, L. P., Lopez, L., Rodriguez, K., and Scala, K. D.
(2010). “Effective moisture diffusivity determination and mathematical modelling of
the drying curves of the olive-waste cake,” Bioresource Technology 101(19), 7265-
7270. DOI:10.1016/j.biortech.2010.04.040

Wang, C. Y., and Singh, R. P. (1978). “Use of variable equilibrium moisture content in
modeling rice drying,” Transactions of the American Society of Agricultural
Engineers 11, 668-672.

Gomez-de la Cruz et al. (2015). “Drying olive waste,” BioResources 10(3), Pg # to be added. 25



PEER-REVIEWED REVIEW ARTICLE b | oresources.com

Wang, J., Wang, J. S., and Yu, Y. (2007). “Microwave drying characteristics and dried
quality of pumpkin,” International Journal of Food Science and Technology 42(2),
148-156. DOI: 10.1111/].1365-2621.2006.01170.x

Wang, J., Xiong, Y., and Yu, Y. (2004). “Microwave drying characteristics of potato and
the effect of different microwave powers on the dried quality of potato,” European
Food Research and Technology 219(5), 500-506.

DOI: 10.1007/s00217-004-0979-1

Yaldiz, O., Ertekin, C., and Uzun, H. 1. (2001). “Mathematical modeling of thin layer solar
drying of sultana grapes,” Energy 26(5), 457-465.

DOI: 10.1016/S0360-5442(01)00018-4

Article submitted: March 12, 2015; Peer review completed: May 28, 2015; Revisions
accepted: June 10, 2015; Published: June 15, 2015.
DOI: 10.15376/biores.10.3.Cruz

Gomez-de la Cruz et al. (2015). “Drying olive waste,” BioResources 10(3), Pg # to be added. 26



