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Abstract

In this study, the effects of microwave drying power on drying kinetics, effective moisture
diffusivity, and specific energy consumption of olive pomace were studied at three different
microwave power levels of 170, 360 and 510 W. Increasing microwave power resulted in a
considerable decrease in drying time. The experimental data for moisture loss was converted
to moisture ratios and fitted to eleven thin layer drying mathematical models to describe the
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drying process. Among the models tested, the Midilli et al. and Diffusion Approch models were
found to be the most appropriate in describing microwave drying kinetics of olive pomace. The
Olive pomace
effective moisture diffusivity values varied from 3.55 x 10-9 to 20.47 x 10-9 m2/s and increased
Microwave drying
with increase in microwave power. The activation energy was calculated using an exponential
Modeling
Effective moisture diffusivity expression based on Arrhenius equation and was found to be 20.98 W/g. The specific energy
Specific energy consumption consumption values were in the range of 52.56 to 25.32 MJ/kg [H O], under applied drying
2
conditions.
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Introduction
Agricultural products are characterized with high
initial moisture content. Drying is one of the oldest
and most widely used methods of food preservation.
It is based on removal of moisture contained in the
product by means a complicated process involving
simultaneous heat and mass transfer (Krokida et al.,
2003; Yilbas et al., 2003). Drying of agricultural
products can be performed using different drying
methods (solar drying, hot air drying, microwave
drying, infrared drying, etc.). In particular, the
conventional hot air drying processes was the
most common method used. However, this drying
technique has a number of disadvantages such as
poor quality of dried products, low energy efficiency
and a long drying time (Maskan, 2000; Soysal and
Oztekin, 2001).
The microwave technology is widely applied to
treat various kinds of raw materials and products
including food, fruits, vegetables, wood, etc. In drying
agricultural products, microwave drying has gained
much popularity as an alternative drying method in
the last few years, due to high potential in improving
process efficiency and quality of dried products.
Some of the recent studies focus on fruits, vegetables,
and the by-products of agricultural industry such as
parsely (Soysal, 2004; Soysal et al., 2006), garlic
cloves (Sharma, 2006), nettles leave (Alibas, 2007),
okra (Dadali et al., 2007), mint leaves (Ozbek and
*Corresponding author.
Email: smmeziane@yahoo.fr

Dadali, 2007; Therdthai and Zhou, 2009), spinach
(Ozkan et al. 2007), apple pomace (Wang et al., 2007),
red pepper (Soysal et al., 2009), whole fruit Chinese
jujube (Wang et al., 2009), purslane (Demirhan
and Ozbek, 2010), rosehips (Evin, 2011a), white
mulberry (Evin, 2011b), Pandanus leaves (Rayaguru
and Routray, 2011), coriander leaves (Sarimeseli,
2011), liquorice root (Balbay and Sahin, 2012),
Gundelia tournefortii L. (Evin, 2012), mango ginger
(Krishna Murthy and Manohar, 2012) and potato
slices (Darvishi et al., 2013). This alternative method
of drying presents several advantages including
shortening drying time, high energy efficiency,
high quality finished products, and uniform heating
due to the penetration of microwaves into the body
of the product (Yongsawatdigul and Gunasekaran,
1996; Soysal, 2004; Vadivambal and Jayas, 2007;
Wang et al., 2007; Soysal et al., 2009; Therdthai
and Zhou, 2009). On the other hand, microwave
drying is known to lead low quality product when
it’s not appropriately applied (Yongsawatdigul and
Gunasekaran, 1996; Soysal et al., 2009).
Microwave drying differs fundamentally from
the conventional hot-air drying. Microwaves are a
form of electromagnetic energy with frequencies that
lie between 300 MHz and 300 GHz, generated by
magnetrons under the combined force of an electric
and a magnetic field perpendicular to each other.
During microwave drying, the water molecules of the
product to be dried readily absorb this energy, which
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is converted to heat. Thus, the water vaporizes and
diffuses through the product to the surface where it’s
led away.
Olive production is a significant agriculture
activity in the countries of the Mediterranean basin
with important environmental, social and economic
implications. Olive pomace is an important biomass
by-product of olive oil industry, which can be used in
very large amounts at very low cost. It is composed
of a mixture of olive pulp and olive stones and it
has been widely used as an animal feed supplement
(Molina-Alcaide and Yáñez-Ruiz, 2008), energy
source (Skoulou et al., 2009), fertilizer (Altieri and
Esposito, 2010) and in many industrial purposes.
However, this seasonal product is quite perishable
due to its high moisture content, which can reach 65%
depending on the olive oil extraction process used.
It’s then essential to dry this abundant agricultural
waste quickly up to certain level, at which microbial
spoilage and deterioration chemical reactions are
greatly minimized. Therefore, the study on drying
olive pomace is of great significance for recycling
resource and environmental protection. Most of the
previous studies on drying of olive pomace have
focused on convective hot-air drying (Doymaz et al.,
2004; Akgun and Doymaz, 2005; Jumah et al., 2011;
Meziane, 2011; Vega-Galvez et al., 2011). In all
these studies, the mathematical modeling of drying
curves and the effects of drying on drying kinetics,
effective moisture diffusivity were investigated.
Other methods such as the drying using microwave
and infrared energy (Gogus and Maskan, 2001,
Celma et al., 2008) were also used. In their study,
Gogus and Maskan (2001) studied the effects of
microwave power, thickness and temperature on
the drying kinetics of olive pomace in a combined
microwave-fan assisted convection oven. However,
to our knowledge, there is no available report
regarding the effect of microwave power on effective
moisture diffusivity and energy consumption during
microwave drying of olive pomace.
In this study, attention is focused on the microwave
drying kinetics of olive pomace over a microwave
power range of 170 to 510 W. Several thin layerdrying models were fitted to the experimental data of
moisture ratio versus drying time in order to evaluate
a suitable form of the drying kinetics curves for olive
pomace. The influence of microwave power on the
drying kinetics, moisture diffusivity and energy
consumption was studied.

Materials and Methods
Raw material
Fresh olive pomace was obtained from local
continuous three-phase centrifugal system. The initial
moisture content of the sample was approximately
45.02% (wb) and average particle diameter of 1.2
mm. The sample was kept in air tight plastic bottles
and stored at a temperature of 4°C until the drying
process.
Drying equipment and experimental procedure
The drying experiments were performed in a
domestic digital microwave oven (whirlpool; MWO
611) presented in Figure 1.

Figure 1. Schematic diagram of microwave dryer

1: microwave drying chamber; 2: control panel of the
microwave; 3: time and power display; 4: sample; 5: glass stem;
6: aeration; 7: bracket; 8: digital balance

It consists of a microwave generator with
maximum output of 850 W at a frequency of 2450
MHz. The oven is fitted with a controller to set the
microwave output power and the time of processing.
The dimensions of the microwave inner cavity
were 220 x 354 x 358 mm. An electronic balance
(JA5003, Shanghai Balance Instrument Factory,
China) with accuracy of ±0.01 g was positioned on
a bracket on the top of the microwave oven for mass
determination. Drying experiments were carried out
at three microwave powers of 170, 340 and 510 W.
Before each run, the microwave oven was set to
operating drying power by heating 500 ml of water
in a glass beaker for few min. The Petri-dish in
glass (6 mm depth and 95 mm diameter) containing
the sample with initial load of about 20.00 g and
thickness of 6 mm was then placed on the tray,
which was suspended on the balance with a glass
stem out through a hole in the center of chamber
ceiling. Moisture loss in the sample was continuously
measured by using an electronic balance and
recorded at 2 min intervals for drying experiments
with the microwave powers of 170 and 350 W, and at
1 min intervals for experiments with 510 W. Drying
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process continued till the moisture content of olive
pomace was reduced to about 7.0% (wb). After, the
glass Petri-dish containing the dried sample was
placed in an oven set at 105°C for 24 hours in order to
determine its dry matter. Each drying run was carried
out in triplicate and average value was reported.

where Mt+∆t is the moisture ratio at t+∆t.

Modelling of drying curves
In this study, the microwave experimental
drying data of olive pomace at three power levels
were fitted to the eleven commonly used thin layer
drying mathematical models (Ertekin and Yaldiz,
2004; Sacilik et al., 2006; Akpinar and Bicer, 2008),
listed in Table 1. In these models, MR represents the
dimensionless moisture ratio expressed as follow:

					

					

(1)

where, Mt is the moisture content of the sample
at any time (kg water/kg dry matter), Me is the
equilibrium moisture content of the sample (kg
water/kg dry matter) and M0 is its initial moisture
content (kg water/kg dry matter). The values of Me
are relatively small compared with Mt or Mt/M0 for
long drying time (Akgun and Doymaz, 2005). Thus,
moisture ratio can be simplified to MR = Mt/M0.
The non-linear regression analysis was performed
using Statistica 5.0 software (Statsoft, USA) to fit the
experimental data to the eleven selected mathematical
models available in literature. The coefficient of
determination (R2) is one of the primary criteria in
order to evaluate the fit quality of selected models. In
addition to R2, reduced chi-square (χ2) and root mean
square error (RMSE) are used to determine suitability
of the fit. The reduced chi-square and the root mean
square error can be calculated as follows:
					
(2)
							
					
(3)
where MRei is the ith experimental moisture
ratio, MRpi is the ith predicted moisture ratio, N is
the number of observations and z is the number of
constants in a model. The higher the R2 values and
the lower the χ2 and RMSE values, the better is the
goodness of fit (Ertekin and Yaldiz, 2004; Doymaz
and Ismail, 2011).
The drying rate (DR) is expressed as the amount
of the evaporated moisture over time. The drying rate
(kg moisture/kg dry solid min) of olive pomace was
computed using the following equation:
					

(4)

Effective moisture diffusivity and activation energy
The effective moisture diffusivity can be defined
from Fick’s second law of diffusion (Eq. 5), which
describes the movement of moisture within the solid.
(5)

where Deff is the effective moisture diffusivity (m2/s),
M is the material moisture content (kg/kg of dry solid),
and t is the time (s). An analytical solution of this law
in the case of drying an infinite slab of thin layer,
assuming moisture migration being by diffusion,
one-dimensional moisture movement, uniform
initial moisture distribution, negligible shrinkage,
constant moisture diffusivity, and negligible external
resistance to heat and mass transfer can be developed
in the form of the following equation (Crank, 1975):
				

(6)

where Deff is the effective moisture diffusivity (m2
s-1), L is the half-thickness of the product being dried
(m) and t is the time (s).
For long drying periods, Eq. (6) can be further
simplified to only the first term of the series (n=0).
Thus, simplified Eq. (6) is written in a logarithmic
form as follows (Chen, 2007; Doymaz and Ismail,
2011):
				
(7)
The effective moisture diffusivity was calculated
by using the method of slopes. From Eq. (7), a plot
of ln (MR) versus time gives a straight line with a
slope of:
		

				

(8)

The energy of activation in the microwave dryer
was calculated using the Arrhenius exponential
model (Dadali et al., 2007; Ozbek and Dadali, 2007;
Darvishi et al., 2013).
					

(9)

where Deff0 is the pre-exponential factor (m2/s); P is
the microwave output power (W), m is the average
mass of raw sample (g), and Ea is the activation
energy (W/g). The linear form of Eq.(10) can be
obtained by applying the logarithms as:
				

(10)
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Both Arrhenius parameters (Ea and Deff0) can be
estimated from the slope (-Ea) and intercept ln(Deff0)
of the plot ln Deff versus (m/P).
Specific energy consumption
Effect of microwave drying power on the energy
efficiency of microwave drying was evaluated by
the specific energy consumption (SEC). This energy,
expressed in (MJ/kg[H2O]), was calculated as the
energy needed to evaporate a unit mass of water
(Yongsawatdigul and Gunasekaran, 1996; Soysal et
al., 2006).
				

(11)

where mw is the mass of evaporated water (kg) and ∆t
is the time interval (s).
Results and Discussion
Analysis of drying curves
The experimental data for moisture loss were
converted to dimensionless moisture ratio and plotted
against time. Figure 2 presents the drying curves
[MR=f(t)] for microwave drying of olive pomace at
different microwave powers.

was found to be shortened by 64% with the increase
of microwave power from 360 W to 900 W for
microwave drying of parsley (Soysal, 2004). This
time was reduced by 76% in the power range from
180 to 900 W for microwave drying of mint leaves
(Ozbeck and Dadali, 2007) and by 88% working at
800 W instead of 90 W for rosehips (Evin, 2011a).
By working at 900W instead of 180 W, Dadali et al.
(2007) showed that the drying time was shortened
by 72% for microwave drying of okra. Alibas (2007)
reported that the required time for microwave drying
of nettle leaves at 500 W was 1.5 times longer than
that at 850 W. Ozkan et al. (2007) studied microwave
drying of spinach. The authors were observed that
the drying time at 90 W microwave power level was
13.81 times longer than that for 1000 W.
Furthermore, the results obtained in this present
study showed that as compared to convective hot air
drying of olive pomace performed in a tunnel dryer
at 90 °C (Meziane and Mesbahi, 2012), the drying
time to achieve the required final moisture content
of about 7% can be reduced by 8-fold by working at
microwave output power of 510 W.

Figure 3. Drying rate versus moisture ratio of olive
pomace at different microwave powers
Figure 2. Microwave drying kinetics of olive pomace at
different microwave powers

As show this figure, the drying process is
characterized by a progressive decrease in moisture
ratio with drying time depending on the microwave
output power. As expected, the total drying time
showed a substantial reduction as microwave drying
power was increased. Indeed, the total drying times
to reach the final moisture ratio of the pomace were
42, 16 and 7 min at 170, 340, 510 W, respectively.
The required drying time for microwave drying
at 170 W was 6 times longer than that at 510 W.
This indicates that an increasing microwave power
strongly accelerates the drying process, thus greatly
shortening the drying time. Similar finding was
reported for microwave drying of many biological
products by many researchers. Thus, the drying time

Drying rate curves [DR=f(MR)] for olive pomace at
different microwave power are shown in Figure 3. The
drying rate decreased continuously with decreasing
moisture ratio, indicating that microwave drying
of olive pomace took place only during the falling
rate period. This observation is in agreement with
previous reports on thin layer microwave drying of
bioproducts (Wang et al., 2007; Evin, 2011a, 2011b;
Balbay and Şahin, 2012; Evin, 2012; Darvishi et al.,
2013). In this drying period, the drying process was
controlled by diffusion of moisture from the interior
of solid to the surface. Drying rate increased also
with microwave power level. This can be explained
by rapid heating of the product, thus accelerating
moisture migration toward the surface of the product
where it’s carried away.
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Table 1. Statistical analysis of the eleven models fitted to the drying data for thin layer microwave
drying of olive pomace

Mathematical modelling of drying curves
The experimental data for moisture loss were
converted to dimensionless moisture ratios and fitted
to eleven thin layer drying mathematical models to
describe the microwave drying behaviour of olive
pomace. The values of the determination coefficient
(R2), the reduced chi-square (χ2) and the root mean
square error (RMSE) for different microwave powers
determined by nonlinear regression analysis are
presented in Table 1.
For all the models, the statistical parameter
estimations showed that R2, χ2 and RMSE values
were ranged from 0.96037 to 0.99995, 0.0000074 to
0.0119793, and 0.002114 to 0.061552, respectively,
within the experimental range of study. Based on
higher value of R2, and lower values of χ2 and RMSE
the Page, Wang and Singh, Diffusion approach,
Logarithmic and Midilli et al. models gave a good
fit to the experimental data with R2 values greater
than 0.995 in all cases. However, the Midilli et al.
model (2003) gave comparatively the highest R2
value (0.99995) and the lowest χ2 (0.0000074) and
RMSE (0.002114) values at microwave power
levels of 340 and 510 W. For the low power level
of 170 W, the highest R2 value (0.99985) and the
lowest RMSE (0.0000136) and χ2 (0.003443) values
were found for the Diffusion approach model. Note

that for this power, seven models (Page, Diffusion
approach, Logarithmic, Two-term, Henderson and
Pabis, Modified Henderson and Pabis and Midilli et
al. models) gave an excellent fit to the experimental
results with determination coefficients greater than
0.999. In their study Gogus and Maskan (2001) tested
two models, i.e. the empirical Page’s model and
the diffusion model (Lewis) to describe the drying
process of olive pomace in a combined microwavefan assisted convection oven. They found that Lewis
model provides a good fit to the experimental data.
The Midilli et al. model has also been suggested
by many researchers to describe the drying behavior
kinetics of biological materials dried using different
drying methods such as microwave drying (Soysal
et al., 2006; Ozbek and Dadali, 2007; Demirhan and
Ozbek, 2010; Sarimeseli, 2011; Evin, 2012; Darvishi
et al., 2013), infrared drying (Celma et al., 2009),
hot air drying (Ertekin and Yaldiz, 2004; Akpinar,
2006; Wang et al., 2009; Amiri Chayjan et al., 2011;
Meziane, 2011; Mihindukulasuriya and Jayasuriya,
2013) and natural sun drying (Akpinar and Bicer,
2008).
Calculation of effective moisture diffusivity and
activation energy
In the literature, no report was found relating
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Table 2. Effective moisture diffusivity values of some agricultural products

to investigation of the effective moisture diffusivity
(Deff) for olive pomace under microwave drying
conditions. In this study, the effective moisture
diffusivity values of the pomace for different levels
of microwave power were calculated using the slope
derived from the linear regression ln(MR) versus
drying time (Eq.8). The plots gave straight lines with
high determination coefficients ranging between
0.9535 and 0.9994. The Deff values obtained,
presented in Table 2, ranged from 3.55 x 10-9 to
20.47 x 10-9 m2 s-1. These values are comparable with
diffusivities obtained for the microwave drying of
agricultural products, which are reported in Table 2.
As expected, microwave drying power had an
appreciable effect on the diffusivity of olive pomace,
which increased vigorously with increases in drying
power from 170 to 510 W. Indeed, the value of
Deff at 540 W is about 2.6 times higher than at 340
W and 5.8 times higher than at 170 W. Thus, the
drying rate can be hastened and drying time can
be shortened by using higher microwave powers,
which increase effective moisture diffusivity. Same
trend was observed for microwave drying of white
mulberry (Evin, 2011b), fresh apple pomace (Wang
et al., 2007) and potato slices (Darvishi et al., 2013).
Moreover, the Deff values are substantially higher
that those obtained during drying of the pomace
using a tunnel-type dryer at drying air temperatures
of 50, 60, 70, 90 °C (Meziane and Mesbahi, 2012).
Indeed, the diffusivity value at microwave drying
power level of 510 W was about 8-fold higher than
in the drying by means of hot air steam at 90 °C. The
relationship between effective moisture diffusivity
and microwave power can be expressed as follow:
D = 6 x10-14 P2 + 8 x 10-13 P + 2 x 10-9

R2 =1

(12)

The activation energy (Ea) of drying process
of olive pomace calculated from the slope of the
linearized Arrhenius relationship was found to be
20.98 W/g, with a determination coefficient of
0.9473. This value is similar to the reported value for
microwave drying of mango ginger (21.6 kW kg−1)
(Krishna Murthy and Manohar, 2012), but it’s higher
than the value obtained in the microwave drying of
okra (5.54 W/g) (Dadali et al., 2007), mint leaves

(12.2839 W g-1) (Ozbek and Dadali, 2007), Pandanus
amaryllifolius leaves (13.6 W/g) (Rayaguru and
Routray, 2011) and potato slices (14.945 W/g)
(Darvishi et al., 2013).
Calculation of specific energy consumption
The specific energy consumption values for
the drying of olive pomace at different microwave
powers of 170, 340 and 510 W were 52.56, 42.21
and 25.32 MJ/kg evaporated water, respectively.
The SEC decreased by approximately 51.8% when
the microwave power increased from 170 to 510 W.
Similar trends were reported for microwave drying of
parseley (5.10 to 4.18 MJ kg-1 [H2O]), with microwave
power ranging from 297 to 489 W (Soysal et al.,
2006) and slices potato slices (5.882 to 4.645 MJ/kg
water), in the microwave power range of 300-500 W
(Darvishi et al., 2013). Wang et al. (2009) studied the
microwave drying of whole fruit Chinese jujube. It
was shown that energy consumption decreased from
2.07 to 1.35 kWh as microwave power increased from
45 to 135 W. On the other hand, the specific energy
consumption in microwave drying of garlic cloves at
40 W of microwave power output was 26.32 MJ/kg
of water removed, resulting in about a 70% energy
saving as compared to convective drying processes
(Sharma and Prasad, 2006).
Conclusions
Microwave drying of olive pomace was
investigated at microwave powers of 170, 340 and
510 W. It was observed that microwave drying took
place in the falling rate period. Drying time up to the
moisture content of about 7.0% (wb) can be reduced
7-fold by working at 510 W instead of 170 W. The
Midilli et al. drying model was considered to be the
best model for describing the drying behavior of
olive pomace for the high drying powers considered
here, whereas for the low power level of 170 W,
the Diffusion approach model seems to be the most
adequate. The effective moisture diffusivity value,
which ranged between 3.55 x 10-9 and 20.47 x10-9 m2
s-1, increased with the increase in microwave power.
The activation energy was found to be 20.98 W/g.
The specific energy consumption decreased from
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52.56 to 25.32 MJ/kg [H2O] as the microwave power
increased from 170 to 510 W.
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