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ABSTRACT 

The implementation of microwave in oil palm processing operations offers numerous 

advantages. It provides extensive heat generation to accelerate the removal of 

moisture compared to the conventional heating and drying methods. Consequently, 

microwave also reduces processing time, which in turn results in energy-saving. 

Although microwave technology is beneficial in the oil palm milling process, the 

effects of microwave on the oil palm fruits and bunches are still poorly understood. 

Therefore, this study aims to investigate the microwave energy interaction with the 

oil palm fruits and bunches using a multi-physics model. The physical, dielectric, 

thermal and mechanical are characterized for the prediction of microwave power 

density and heat-mass transports during microwave heating process in the modelling.  

The dielectric properties, thermal conductivity and thermal behavior of the oil palm 

fruits and bunches are determined using dielectric probe, thermal constant analyzer 

and Thermogravimetric anlaysis respectively. On the other hand, the effects of 

microwave energy on fruits detachment during the milling process are dependent on 

the mechanical behavior and the microstructure changes of the oil palm fruits are 

investigated using compression testing and Scaning Electron Microscope 

respectively.  

The experimental results show that empty fruit bunches has high dielectric properties 

but a poor thermal conductivity compared to kernel and mesocarp. Dielectric 

properties are proportional to the samples’ moisture content, whereby lower 

dielectric properties are attained at lower moisture content. It is found that empty 

fruit bunches (EFB) have the highest moisture content (485.49 % d.b.), followed by 

the kernel (28.2 % d.b.) and mesocarp (25.9 % d.b.). Hence, EFB with a highest 

moisture content are found to have a broader range of dielectric constant (3.09< '
r

<24.4) and loss factor (0.68< ''
r <12.8) compared to mesocarp (3.28< '

r <4.7, 0.29< ''
r

<1.10) and kernel (2.88< '
r <6.2, 0.36<

''
r <1.08). It is found that the thermal 

conductivity for kernel, mesocarp and EFB is 0.68, 0.458 and 0.028W/(m·K) 

respectively. In order to avoid the decomposition of the oil palm fruits and bunches, 

thermal analysis is conducted. The analysis show that the decomposition temperature 

for mesocarp, kernel and fruit bunches starts from 100 °C. 



 

 

The experiments show that microwave heating increased the mechanical properties. 

On the other hand, the micrographs show no physical damage is found after the 

samples are subjected to microwave treatment for 2 mins at 100 W and 200 W. 

Electromagnetic coupled heat-mass transfer model is developed to describe the 

microwave heating and drying process of the oil palm kernel, mesocarp and EFB. 

Maxwell’s equation, Fourier heat conduction and Fick’s law are used in the 

developed of the model by modeling the interaction between electromagnetic, heat 

and mass transfer equations. The model shows good agreements between the 

experimental and the simulation results.  

Electric field, temperature and moisture distributions are analyzed. The microwave 

power density generation in the EFB, mesocarp and kernel samples is not only 

dependent on the electric field intensity but also on the dielectric properties of the 

samples. Among the samples, EFB generated the highest microwave power density 

due to its larger dielectric properties compared to the kernel and the mesocarp. 

Subsequently, higher temperature is obtained in the EFB. On the other hand, the 

simulation result shows a small difference between the volume-averaged and surface 

average temperature of the kernel and the mesocarp, thus the surface temperature can 

be an approximation to predict volumetric temperature. 

Surface convection, radiation and evaporation reduce the sample surface temperature 

rapidly, thus minimum temperature is found on the sample surface. Among the 

mechanisms, radiation is the dominant cooling mechanisms to reduce the sample 

surface.  

The interaction of microwave with FFB is studied. The simulation shows that hot 

spot occurs in EFB. Mesocarp is quicker heated by this hotspot. High thermal and 

moisture concentration gradients are observed between the EFB, mesocarp and 

kernel. These increase heat and moisture transfers in the FFB which lead to a faster 

heating and drying process. 
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NOMENCLATURE 

A  frequency factor 1/s 

sA  area m
2
 

c  moisture concentration mol/m
3
 

oc  speed of light m/s 

ec  equilibrium moisture concentration mol/m
3
 

evapc  moisture evaporation rate mol/(m
3
s) 

pC  heat capacity J/(kg·K) 

pd  penetration depth m 

md  geometric mean diameter m 

caterd  diameter of circular crater mm 

silicad  diameter of the silica body in the circular crater mm 

starchd  diameter of granular starch mm 

D  diffusivity m
2
/s 

oD  pre-exponential factor m
2
/s 

effD  effective moisture diffusivity m
2
/s 

E  electric field strength V/m 

aE  activation energy of sample’s evaporation process J/mol 

dE  activation energy of sample’s  moisture diffusivity J/mol 

mE  elastic stress MPa 

f  microwave frequency Hz 

mh  mass transfer coefficient m/s 

th  surface convective heat transfer coefficient W/(m
2
·K) 

H  magnetic flux magnitude density V·s 

evapH  enthalpy of heat formation J/mol 

J  electric current density A/m
2
 

k  thermal conductivity W/(m·K) 

l  length m 

L  characteristic length m 

2H OM  molecular weight of water vapor g/mol 
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MC  moisture content kg/kg d.b. 

eMC  equilibrium moisture content kg/kg d.b. 

oMC  initial moisture content kg/kg d.b. 

tMC  moisture content at drying time t kg/kg d.b. 

Nu  Nusselt number dimensionless 

Pr  Prandlt number dimensionless 

P  microwave power W 

condq  heat flux by conduction J/m
2
s 

Q  rate of heat flow W 

evapQ  evaporative moisture cooling per unit volume W/m
3
 

MWQ  volumetric heat generation per unit volume W/m
3
 

radQ  heat loss due to radiation per unit volume W/m
3
 

R  universal gas constant J/(K·mol) 

2R  linear coefficient of determination dimensionless 

t  time s 

ht  thickness m 

T  temperature °C 

expT  experimental transient temperature °C 

sT  ambient temperature °C 

simT  simulated transient temperature °C 

V  volume m
3
 

oV  sample’s initial volume m
3
 

tV  sample’s volume at drying time t m
3
 

w  width m 

cellw  width of cell structure mm 

W  weight kg 

bdW  sample’s bone-dry weight kg 

oW  sample’s initial weight kg 

tW  sample’s weight at drying time t kg 

r  permittivity of the material dimensionless 

o  permittivity of free space F/m 
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r  dielectric constant dimensionless 

''
r  dielectric loss factor dimensionless 

  density kg/m
3
 

tan  loss tangent dimensionless 

  relative permeability of the material dimensionless 

luikov  thermogradient coefficient in Luikov’s system dimensionless 

luikov  phase conversion factor from liquid to vapor dimensionless 

y  yield stress MPa 

T  Stefan-Boltzmann constant W·m/K
4
 

  attenuation factor 1/s 

  angular wave frequency rad/s 

T  emissivity of sample dimensionless 

 

ABBREVIATIONS 

d.b. dry basis 

EFB Empty fruit bunches 

FFA Free Fatty acid 
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1 

 

CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

Oil palm trees in Malaysia are mainly from the family of the Elaeis guineensis 

which originates from West Africa and it consists of Dura and Pisifera species. The 

Dura and Pisifera are chosen for interspecific hybrids to form Elaeis guineensis for 

its outstanding yields and it is currently used in Malaysia oil palm industry (Nair, 

2010). A typical oil palm fruit consists of three major parts. They are the mesocarp 

(flesh of the fruit), shell and kernel. Palm oil and kernel oil can be obtained from the 

mesocarp and kernel respectively. An Elaeis guineensis oil palm fruit possesses a 

thick mesocarp, thin shell and large kernel as shown in Figure 1.1.  

 

 

Figure 1.1: Structure of a typical oil palm fruit (Elaeis guineensis) 

 

Malaysia is one of the largest producers and exporters of palm oil in the world. 

As a leading palm oil exporter in the oil palm industry, Malaysia palm oil has been 

exported to more than 100 countries. According to the statistics (Hassan et al., 2014), 

an average of 16.04 million tonnes of palm oil and 0.92 million tonnes of kernel oil 

were exported worldwide in the year 2016. 

Mesocarp 
Kernel 

Shell 

Exocarp 

Endocarp 
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The usages of palm and kernel oil are very extensive. Palm oil is widely used 

in food products such as cooking oil, margarine and non-dairy creamers as well as 

feedstock for biofuel. On the other hand, palm oil has a longer shelf life compared to 

other vegetable oils. Palm kernel oil is a raw material for the production of non-food 

products such as soaps, detergents, toiletries, cosmetics and candles. In 2012, palm 

oil has the highest world consumption among all the oils and fats products (Darby, 

2014). Besides palm oil and palm kernel oil, Malaysia also produces other major oil 

crops as shown in Table 1.1. Mielke (2017) reported that in the year of 2016, oil 

palm had the highest edible oil production.  

 

Table 1.1: Productivity of the major oil crops in year 2016 (Mielke, 2017) 

Oil crop Oil content 

(%) 

Oil production 

(million tons) 

Palm oil  (mesocarp)  20.1 20.98 

Sunflower 41.2 4.37 

Rapeseed 39.7 2.17 

Palm kernel oil 45.4 1.45 

Coconut 66.1 0.82 

Groundnut 43.2 0.14 

Cottonseed 14.7 0.09 

 

Palm and kernel oils are extracted from oil palm fruits through physical and 

mechanical processes in palm oil milling process. Figure 1.2 shows a typical palm oil 

milling process. The milling process includes the pre-treatment of fresh fruit bunches 

(FFB), seed pressing process, oil refinery and fractional process. 
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Figure 1.2: Flow chart of palm oil processing redrawn from Ohimain and Izah (2014)  

 

Sterilization is the first stage of the milling process where FFBs are exposed to 

heat rendering operation with high-pressure steam operated at 15-45 psi for about 90 

mins in horizontal cylinder autoclaves (Sivasothy and Rohaya, 2000). Sterilization 

aims to soften the fruits which allow easy detachment from the FFBs and to improve 

the quality of fruits by deactivating the enzymatic activities that cause an increase in 

Free Fatty Acid (FFA). For trading purposes, FFA content in crude palm oil must not 

exceed 5 %, according to the Malaysian Palm Oil Association (MPOA) (Nor'aini and 

Siew, 1990). The sterilized fruits are then detached from the FFBs through the 

threshing process in rotating thresher. After the threshing process, the detached fruits 

are further softened and mashed in a steam-heated digester at 95-100 °C for 20 mins. 

After digesting, the palm fruits enter into a screw oil expeller in order to press and 

obtain the palm oil and pressed cake (nut and fiber). The pressed cakes obtained from 

the pressing process contain nuts and fibers. The nut and fibers are separated by 
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using a cyclone system. The fibers are relatively light and carried away by an upward 

air flow, while the nuts that are relatively heavy fall into a rotary drum. The nuts are 

then dried in a silo and are sent to a cracker to crack the nut, before transporting them 

to hydrocyclones to separate its kernel and kernel shell. The kernels have to be dried 

to achieve a moisture content of less than 7 % for storage purposes, before extracting 

the crude palm kernel oil from the kernels. The last step of the milling process is to 

separate the palm oil from impurities (i.e. clarification and purification processes). 

The crude palm oil is then dried to achieve a moisture content of about 0.1 % to 0.25 % 

before storage which aimed to maintain the oxidation stability (Igwe and Onyegbado, 

2007). 

The palm oil milling process generates a large amount of wastes such as 

processed empty fruit bunches, palm fiber, palm kernel shells and palm oil mill 

effluents (POME). Among all, the oily wastewater, POME, is considered as the most 

harmful waste if left untreated. POME is generated when hot steam is used in the 

processes such as sterilization, hydrocyclone and clarification processes. According 

to Kamyab et al. (2015), POME is one of the major environmental pollutants as it 

contains a high biochemical oxygen demand, chemical oxygen demand, nitrogen and 

phosphorus contents. These contents accelerate bacteria growth and require a high 

oxygen level to oxidize the organic matters of POME and consequently contaminate 

the aquatic environment. Therefore, POME requires an expensive and challenging 

treatment process before disposal as pointed by Madaki and Seng (2013). Brezing 

(1986) estimated that an oil palm mill with a capacity of 10 tons of FFB per hour 

would require a water treatment plant that is sufficient to sustain for half a million of 

inhabitants. Therefore, there is an urge to look for alternatives. 

In addition to the environmental issue due to the current sterilization process, 

the existing milling process also consumes an enormous amount of energy 

(Sivasothy and Rohaya, 2000). This is due to the convective heating process which 

the heat energy is transferred from the dried air to the fruits by convection, 

conduction and radiation mechanisms. Thostenson and Chou (1999) recommended 

that a slow heating rate should be used to minimize a sharp thermal gradient between 

the surface and the interior of the fruit to achieve a more uniform surface and interior 

temperatures. This resulted in a longer heating process and a higher energy 

consumption for oil palm fruit sterilization. Besides, as shown in Figure 1.2, heating 
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and drying processes are carried out separately during the conventional oil palm 

milling process. At the sterilization process, the hot steam used in supplying heat to 

the FFB would concurrently increase the moisture content of the FFB. Consequently, 

additional drying process would be required in removing the moisture.  

Microwave energy, on the other hand, is perceived to be capable of delivering 

equivalent result under a single process yet capable of improving the process 

efficiency. The interaction between microwave and polar solvents, e.g. water, causes 

molecular motion through rotation of dipoles inside a food sample. This phenomenon 

is known as dipolar rotation. The rapid molecular motion of the dipoles results in 

molecular frictions which in turn produces heat inside the food sample. The adoption 

of microwave technology has offered a number of advantages such as volumetric 

heating, short process time, energy savings and non-contact heating. Moisture is a 

major constituent in fresh food and it serves as a good microwave energy absorber. 

As water is present throughout the material, heat is generated volumetrically. This 

leads to a faster heating rate and a shorter process time. In addition, an intense 

microwave heating results in a faster drying process that promotes intensive moisture 

evaporation. 

Besides, microwave heating process provides rapid and energy-efficient 

heating process compared the conventional heating process. Cheng et al. (2011) 

reported that the microwave heating process achieved energy efficiencies of 5.41-

11.01 %. The energy efficiency was higher than the plant efficiency in the current 

palm oil mills (2.84 – 3.25 %) as reported by Nasrin et al. (2011). Moreover, 

Decareau and Peterson (1986) reported that the microwave heating process 

dramatically reduces the pretreatment duration by 10 times less compared with other 

heating systems, which decreases the energy consumption. Moreover, Cheng et al. 

(2008) reported that microwave heating process has better energy efficiency in water 

removal process and 22.5 times of unit energy consumption lower than conventional 

heating.  

 Chow and Ma (2007) stated that microwave heating technology could be a 

potential energy to replace the conventional sterilization process. This is because not 

only the microwave heating is a fast process, it also reduced energy consumption 

compared to the conventional sterilization process. Furthermore, POME can be 

eliminated as hot steam is not required in the microwave heating process. In addition, 
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Cheng et al. (2011) showed that a palm oil production process with microwave 

assisted solvent extraction pre-treatment could replace the conventional palm oil 

milling process which only involved the physical and mechanical approaches. 

 

1.2 Problem Statement 

The current milling process has not changed much since 1970s when the palm 

oil was commercialised (Ujang et al., 2010). The milling process is not only a time-

consuming process, but also environmentally unfriendly as it generates a large 

amount of waste. Heating and drying are carried out separately during the milling 

process which aims to supply heat and reduce the moisture content. Microwave has 

been shown to provide a better alternative for heating, drying and eliminating the 

POME production. 

 

1.3 Significance and novelty of the study 

The microwave heating efficiency of oil palm fruits is affected by its inherent 

properties such as dielectric and thermal properties. The dielectric properties 

determine the ability of oil palm fruits to store and convert microwave energy into 

heat energy (Mudgett, 1986, Umesh Hebbar and Rastogi, 2012, Magee et al., 2013). 

The thermal properties determine temperature distributions of oil palm fruits during 

microwave heating process. The dielectric and thermal properties for kernel, 

mesocarp and fresh empty fruit bunches (EFB) are different. Hence, it is crucial to 

determine the optimum microwave heating conditions to avoid thermal runaway.  

In order  to design a microwave heating and drying system, it is important to 

characterize the dielectric and thermal properties of oil palm fruits. However, the 

information of various properties of the oil palm fruits are limited. The measurement 

in this work provide new contribution for the physical, dielectric, thermal and 

mechanical characterization of oil palm kernel, mesocarp and EFB. This 

measurement are important to predict the generated microwave power density and 

heat-mass transports during microwave heating process. In addition, due to the 

complex interactions between microwave and oil palm fruits, a multi-physics model 

of microwave heating and drying of the oil palm fruit fruits is needed. The 
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experimental characterizations of the dielectric and thermal properties of oil palm 

fruits will be used as the input to the multi-physic model. The model will accelerates 

the design process of a microwave heating system for oil palm fruits and the product 

can be brought to market quicker. 

 

1.4 Objectives of this research 

The objectives of the current research are as follows: 

1. To characterize dielectric and thermal properties of oil palm fruits and EFB. 

2. To determine the effects of microwave heating and drying on mechanical 

strength and microstructure of oil palm fruits and EFB. 

3. To develop and validate a microwave heating and drying model. 

 

1.5 Thesis structure 

This thesis consists of 8 chapters and is organized as follows: 

This chapter is mainly on the introduction of the research topic, where the problem, 

proposed method and objectives are identified. 

Chapter 2 of this thesis consists of four sections. The first section provides an 

introduction on the microwave heating. The second section discusses the 

characteristics of microwave heating and drying and also reviews the microwave 

heating and drying technique applied in the oil palm sterilization process. The third 

section discusses the effects of microwave heating on food products in general. This 

is followed by an overview and development of modelling of microwave heating and 

drying. 

Chapter 3 presents the equipment, setups and experimental procedures. The 

experiments aim to characterize thermal and dielectric properties, to obtain heating 

and drying behaviors. Besides, the effect of microwave heating on the mechanical 

strength and microstructure analysis of oil palm kernel, mesocarp and EFB were 

studied. 

Chapter 4 presents and discusses the experimental data. 
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Chapter 5 outlines the numerical models developed in this study. The models used to 

validate and to describe the microwave heating and drying of oil palm kernel, 

mesocarp and bunches. The numerical procedure and mesh independent study of the 

model are described. 

Chapter 6 discusses and compares the temperature and moisture content between the 

experimental and simulation results. Temperature and moisture distributions in the 

samples are illustrated and discussed. The microwave power absorption and lost in 

the sample provide an understanding of the heating mechanism. In addition, 

temperature and moisture distributions during microwave off-phase (when the 

supplied microwave source is stopped) will be discussed in this chapter. 

Chapter 7 investigates the application of microwave heating on the FFB. A mesh 

generation will be presented on this new geometry. Temperature and moisture 

content history associated with the microwave power absorption and loss rates will 

be discussed in this chapter. 

Chapter 8 provides main findings and conclusions based on the conducted studies. 

Besides, future works and recommendations are also presented. 

1.6 Conclusions 

This chapter introduces the importance of the oil palm industry to the country's 

economy. The drawbacks of the current oil palm milling process are also discussed. 

To improve the efficiency and environmental issues due to the existing milling 

process, microwave heating is suggested as an alternative. This chapter defines the 

scopes of the current research and highlights the contributions of the work to the 

current knowledge. The overview of the thesis structure is also presented. The 

fundamental of microwave heating and the relevant literature reviews will be 

presented in the next chapter.   
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CHAPTER 2  

LITERATURE REVIEW 

 

This chapter will give an overview of the physics of microwave heating, 

followed by its application in the food industry in general. Later on, the discussion 

will shift to the potential of microwave heating in oil palm industry. The effects of 

microwave energy on the food quality also will be discussed. The last part of the 

review will be on mathematical modelling works of microwave heating.   

 

2.1 Fundamentals of microwave heating  

Maxwell discovered that electric field components are aligned perpendicular to 

magnetic field components (Meredith, 1998). When an electric or magnetic in a 

medium changes its position in space, the corresponding field that it produces also 

changes. These changes produce oscillating waves which is called the 

electromagnetic waves. All electromagnetic waves have two components, i.e. electric 

field and magnetic field. 

The electromagnetic field distribution can be described by Maxwell’s equation 

as follows: 

 0r E   (2.1) 

 0 H   (2.2) 

 
 

t


  



H
E  (2.3) 

 
 

t


  



E
H J  (2.4) 

where E  is electric field strength (V/m), r  is the permittivity of the material 

(dimensionless), H  is magnetic flux magnitude density (V·s),   is the relative 

permeability of the interacted material (H/m) and J  is the electric current density 

(A/m
2
). These equations describe the propagations and the interactions of the 

electrics and magnetics fields.  Equation (2.1) and equation (2.2) are the Gauss’ law 

and the Gauss’ magnetism law respectively. Gauss’ law describes the movement of 
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electric charges around electric fields, whereas Gauss’ magnetism law describes the 

strength of magnetic flux which based on the permeability of the interacted material. 

Then, the relationship between sinusoidal time-varying electric and magnetic fields 

are described by equation (2.3) and equation (2.4). Equation (2.3) is the Faraday’s 

law of induction which describes that relationship between a changing magnetic field 

and the electric field created by the change. Ampere’s law as shown in equation (2.4) 

stated that a flowing electric current and time-varying electric flux density give rise 

to magnetic field. The rapidly varying electric and magnetic fields lead to the 

molecular motions in a biological product, thus providing the heat sources. 

Microwave is a form of electromagnetic radiation with the wavelengths 

ranging between the infrared and radio waves. The use of microwave energy has 

been introduced widely in numerous food processing industries since the 1990s 

(Rahman, 2007). The microwave frequencies used for industrial and domestic 

purposes are 915 MHz and 2450 MHz. Nowadays, microwave heating processes 

have widely been used for processes in production industries such as pasteurization, 

sterilization, tempering, thawing, vacuum drying and continuous baking. Microwave 

heating technique is desired due to its volumetric heating, rapid increase in 

temperature, controllable heat and easy cleanup that provides a uniform, fast and 

environmentally friendly heating process. According to McConnell (1974), 

microwave heating had shown a power saving of up to 74.5 % as compared to the 

conventional thermal heating process. In addition, Lupinska et al. (2009) stated that 

microwave heating not only consumed much less energy than the conventional 

process conducted with hot air but also improved the process efficiency. The authors 

stated that a higher microwave power provided a faster drying rate in the microwave-

treated samples.  

In the heating process, the microwave is absorbed by food and it is converted 

into thermal energy through interactions between microwave, polar water molecules 

and charged ions in food. Microwave causes polar water molecules in food to 

constantly rotate and couple with the electromagnetic field, where heat is generated 

by the molecular friction. The ability of a material absorb and convert it to heat 

energy depends on its material permittivity ( r ) which is often expressed by a 

complex number. It can be expressed as: 
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 ' ''
r r rj     (2.5) 

where '
r and ''

r are known as dielectric constant and loss factor.  

Dielectric constant, '
r , is the ability of a material to store electric energy in an 

applied electrical field. The dielectric loss factor, ''
r , is associated with the capacity 

of the material to dissipate electric energy in response to an applied electric field, 

which results in heat generation. The efficiency of a material responds to the 

microwave energy is described by loss tangent and is given by (Mandal et al., 2007):  

 
''

'
tan r

r





  (2.6) 

 The loss tangent, tan , is defined as the ratio of dielectric loss factor and 

dielectric constant which describes the ability of a material to absorb microwave 

energy and dissipate heat within the material. A high loss tangent corresponds to a 

dielectric material with better absorbability to the electromagnetic wave. The loss 

tangent is dependent on the dielectric properties and the properties were reported to 

be influenced by several variables such as frequency, temperature, sample geometry 

and the sample’s compositions (Lovás et al., 2010, Liu et al., 2013, Salema et al., 

2013, Torgovnikov, 1993, Sosa-Morales et al., 2010).  

Lovás et al. (2010) studied the effect of temperature on the dielectric properties 

for three different organic samples such as andesite, sulphide and carbonate samples. 

The authors reported that the dielectric properties of the samples were highly 

dependent on temperature. In addition, moisture content is also one of the parameters 

that affects the sample’s dielectric properties. Sipahioglu and Barringer (2003) stated 

that water is a strong polar solvent which reoriented itself in response to changes in 

field polarity. Therefore, moisture content plays a role in affecting the dielectric 

properties of a sample. In addition, Liu et al. (2013) reported that the temperature-

dependent dielectric properties of mashed potato did not change significantly during 

the first 10s of heating time and therefore would not significantly change the electric 

field distribution. 

Moreover, Salema et al. (2013) had investigated the dielectric properties of oil 

palm biomass and biochar at frequencies ranging from 0.2 to 10 GHz using a coaxial 

probe attached to a network analyzer. The authors reported that the dielectric 
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constants of oil palm biomass and biochar were inversely proportional to frequency. 

On the other hand, their dielectric loss factors were directly proportional to the 

frequency. The decrease in dielectric constant was reported to be caused by the effect 

of polarization and decrease in dipole movement according to Torgovnikov (1993).  

In a recent study, Sosa-Morales et al. (2010) reviewed and gathered dielectric 

property data from literatures for a wide range of foods, including fruits and 

vegetables, starch, nuts, grains, meats, egg products and liquid fluids, at various 

temperature and frequency ranges. While the dielectric properties of different 

moisture contents had been reported for a whole oil palm FFB (Sukaribin and Khalid, 

2009), processed oil palm EFB (Omar et al., 2011), oil palm trunk core (Jie et al., 

2015), honey (Guo et al., 2011) and tropical fruits (Sacilik and Colak, 2010a). The 

researchers reported that dielectric properties positively correlated with moisture 

content. This is because the moisture affects the interaction between the dielectric 

material and electromagnetic fields (Ramasamy and Moghtaderi, 2010). 

The dielectric properties and loss tangent also determine the extent of the 

microwave penetration inside a material. The penetration depth, pd , is defined as the 

depth where the microwave power is reduced to 1/e (e = 2.718) of the power entering 

the material’s surface and can be calculated by (Hippel, 1954): 

 

 ' 22 2 1 tan 1

o
p

r

c
d

f  



 

  (2.7) 

This quantity also indicates the region of the material where the microwave 

field can be effectively penetrated (Metaxas and Meredith, 1983). However, when 

the dimensions of a material is larger than the penetration depth, the microwave 

energy is rapidly attenuated, thus, the food material will not heat volumetrically and 

heating from the material’s surface will dominate (Datta and Anantheswaran, 2001). 

Thus, microwave heating may not be homogeneous through the heating process, 

which in turn leads to overheating or uneven heating. Overheating of a microwave-

treated material was reported to be related to the dielectric and transport properties of 

the material, the geometry of the system and the electromagnetic distribution in the 

system (Barba and d’Amore, 2012). The complex interaction between an 

electromagnetic field with a microwave-treated material gives a hot and cold spots 
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within the material which in turn lead to overheating. The effects of combining 

microwave with convective drying (Kumar et al., 2014), the use of rotating turntable 

(Zhou et al., 1995) had been studied to improve the microwave heating uniformity. 

Li et al. (2011) discussed the factors causing heating non-uniformity of a 

biological material when exposed to microwave. It depends mainly on the uniformity 

of the material absorption of the microwave, which is affected by the electromagnetic 

field distribution in the material and its dielectric properties. The author proposed 

several methods for improving the issue of microwave heating non-uniformity, i.e. 

modifying microwave cavity, increasing microwave power feed port, installing a 

mode stirrer, designing the shape and size of the microwave cavity, changing the 

frequency of microwave and change the material’s location by equipping microwave 

oven with a rotating turntable. However, changing the microwave frequency is not 

effective for industrial systems because of the strictly allocated frequency bands. The 

uniformity of microwave heating is also affected by the material’s shape, size and 

dielectric properties. Birla, Wang, and Tang (2008) reported that a spherical object 

was heated more evenly compared to cylindrical and cubical objects. This behavior 

can be explained when the electric fields enter the rounded edges and is converged 

from one direction rather than two or three directions in the sharp edges of the 

cylindrical and rectangular shaped object. As a result, the more evenly electric field 

distributions in a spherical object provide a more uniform heating. 

Ho et al. (2002), Soysal et al. (2006) and Lupinska et al. (2009)  studied the 

intermittent microwave drying on corn, parsley and rapeseeds, respectively. 

Lupinska et al. (2009) suggested that a low microwave power level or intermittent or 

cyclic heating operation should be provided to reduce the temperature gradients, 

which in turn decrease the risk of damaging the drying material. Soysal et al. (2006) 

also reported that intermittent microwave drying able to reduce temperature gradient 

of parsley, however, a lower drying rate was provided compared to continuous 

drying. Furthermore, Ho et al. (2002) reported that intermittent microwave heating 

reduced the surface temperature of potatoes but enhanced product quality by 

minimizing the vitamin loss and product color.  
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2.2 Microwave heating and drying for agricultural products 

2.2.1 Microwave drying 

Microwave heating is often used as a pre-treatment process to speed up the 

drying process. It was reported to be capable of reducing the initial moisture content 

and improving the quality of dried fruits as discussed by Sobhy and Chaouki (2010). 

Drying is a mass transfer process that removes moisture content through evaporation 

from a solid or liquid object. Drying is a complex operation involving transient heat 

and mass transfers. The main aims of drying products are to allow for a longer period 

of storage, minimizing packaging requirements and reducing transportation weights 

(Maroulis and Saravacos, 2003). 

Alibas (2007) studied the drying kinetic of nettle leaves under the microwave, 

vacuum and convective drying methods. It was reported that microwave drying was 

the fastest process and consumed the least energy of around 0.07 kWh. Magee (2003) 

carried out drying experiments for slab and cylindrical-shaped potato samples under 

convective, microwave and combined microwave-convective conditions. The author 

revealed that there were three distinct drying periods, i.e.  an initial heating-up period 

and two falling rate periods. The drying curve (moisture content versus time) for 

each falling-rate period was described by an exponential model. Drying behavior was 

found to be a function of air temperature, air velocity, microwave output power and 

sample geometry. The same pattern of drying curve was also reported on 

mircrowave-treated biological products such as macaroni (Altan and Maskan, 2005), 

garlic (Sharma and Prasad, 2001, Vázquez et al., 1999), apple(Bilbao-Sa´inz et al., 

2006, Jun et al., 1998, Krokida and Maroulis, 1999), wheat (Walde et al., 2002), 

carrot (Sumnu et al., 2005, Wang et al., 2002, Wang and Xi, 2005, Stanisławski, 

2005, Cui et al., 2008), parsley (Soysal et al., 2006), mushroom (Rodríguez et al., 

2005), cabbage (Yanyang et al., 2004), mint (Özbek and Dadali, 2007) and basil 

(Demirhan and Özbek, 2009). 

 

2.2.2 Application of microwave heating in oil palm industry 

A number of researchers explored the suitability of microwave heating in oil 

palm milling process. Some of the aspects that were studied included sterilization, 

microwave-solvent assisted oil extraction and palm oil quality.  
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Sterilization is an essential pre-treatment step as to retain the quality, to soften 

the fruit for the ease of fruit detachment and to minimize the enzymatic activity 

within the fruits. Vincent et al. (2014) presented a review of the methods of 

sterilization including the current and other proposed sterilization methods such as 

continuous sterilization, microwave heating and drying heating. The authors 

concluded that microwave heating is capable of replacing the current sterilization 

process to be an environment technology yet yields a better quality of palm oils.  

Chow and Ma (2007) observed that the microwave-heated palm fruits had 

higher carotene and oil contents and a lower amount of FFA than those from other 

drying methods such as batch sterilization, continuous sterilization and oven drying. 

Moreover, the experiment also showed that microwave heating increased fruits 

detachment from the spikelets compared to other methods. The authors suggested 

that microwave technology had the potential of replacing the current steam-assisted 

sterilization process. The better efficiency on fruit detachment using microwave 

heating was also observed by Sukaribin and Khalid (2009). The better efficiency is 

explained because the abscission region (the region between fruits and EFB) could 

absorb 5-7 times more microwave energy per volume compared to other parts of the 

fruits, due to the higher moisture content in that region. This actually helps in fruit 

detachment from bunches without overheating the palm fruits.  

Besides, Sarah and Taib (2013) sterilized the oil palm fresh fruits and bunches 

(FFB) using microwave irradiation. The oil from palm fruits was obtained by using 

the screw pressing method. The microwave-heated palm oil of the experiment 

showed better quality contents, such as a low FFA (0.7 %) which was below the 

standard requirement (3.5 %) and a higher vitamin E content of 1300 ppm than the 

commercial crude palm oil (600-1000 ppm). However, carotenoid was found to be 

lesser than the commercial palm oil due to the degradation of carotenoids which was 

due to elevated temperature. Nevertheless, lipase in the oil palm fruits was found to 

have been successfully inactivated after microwave irradiation. Furthermore, Cheng 

et al. (2011) showed that a better crude palm oil (CPO) quality was obtained from 

palm fruits treated with microwave heating compared to the current commercial CPO, 

such as low FFA of 0.26 %, low moisture content of 0.05 % and a higher vitamin E 

content. In addition, Hadi et al. (2012) reported the effects of oven-dried oil palm 

fruits has reduced the sterilization time to 3 mins. It also improved oil quality and 
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obtained a lower FFA (1.02-2.19 %) compared with the commercial crude palm oil 

(3.4 %). Besides, Umudee et al. (2013) indicated that microwave treatment provided 

a low FFA increment in an oil palm fruit, and this ensured the quality. Moreover, a 

higher power level is also shown to further reduce the FFA growth in the fruits. 

The adoption of microwave technology in the oil palm mills and palm oil 

production processes can significantly improve the environmental friendliness of the 

sterilization process by eliminating the conventional usage of steam as well as 

improving the yield and quality of the production. Therefore, microwave heating is a 

promising process to greatly enhance the efficiency and quality of the current 

conventional process. Despite the great potential, the microwave application in oil 

palm industry is still limited.  

 

2.3 The effects of heating and drying 

When a food sample is subject to an elevated temperature, this will have an 

effect on its thermal and mechanical properties. In this section, the effects of heating 

and drying of food samples are reviewed.  

2.3.1 The effect of heating on thermal properties  

Thermal analysis has become an important method used in the thermal 

properties characterization of material. Thermal gravimetric analysis (TGA) is 

widely accepted as a suitable analysis to evaluate the thermal behavior of food due to 

its fast and convenient method and it requires only a small sample size for the 

analysis. TGA is capable of identifying the characterization and the decomposition 

stages in a sample. Each decomposition stage is related to the sample’s weight loss 

trend which can be obtained from the thermal analysis. The rate of weight loss of the 

material sample in a specific temperature range in the analysis provides an indication 

of its thermal stability from the decomposition reactions. The analysis is necessary to 

determine the degradation temperature of the material.  

Nabinejad et al. (2015) studied the thermal behavior of oil palm shell powders 

by using TGA. The authors indicated that there are five stages of thermal events in 

the palm shell powders which are the moisture evaporation, lower molecules lignin 

decomposition, hemicellulose decomposition, cellulose decomposition and longer 

molecule lignin decomposition. The decomposition stages were identified from the 
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weight loss pattern of the palm shell. A similar finding is also observed by Abdullah 

et al. (2016) on composted EFB. 

Otálora et al. (2015) observed three thermal events of cactus fruits which are 

the moisture evaporation, the decomposition of starch and carbohydrate chains and 

the volatilization of the melted fruit. This is also observed by Nascimento et al. (2012) 

on passion fruit flours and Fan et al. (2013) on rice starches which were treated by 

conventional and microwave heating. In addition, the authors noticed higher 

activation energy in the microwaved samples than the fresh sample. The authors 

suggested that the microwave heating could provide a higher thermal stability to the 

organic foods.  

Generally, heat transfer of food depends on three major parameters according 

to Singh and Heldman (2014), which are the thermal properties of food, geometry of 

food and thermal processing condition. 

The thermal properties such as thermal conductivity and specific heat capacity, 

give a clear illustration of the temperature distribution in the heated food. The 

knowledge of these properties is essential to understand the heat transfer behavior 

when subjected to thermal treatments in the food industry. It is crucial in designing 

and optimizing of heating processes to provide accurate engineering solutions in the 

initial system analysis in order to prevent equipment faults and to achieve process 

specification. The thermal conductivity is a property which describes the ability of a 

substance to conduct heat. It allows the estimation of the conductive heat transfer 

rate, thus heat distribution in a material. Once the distribution is known, the heat flux 

at any point in the body may be computed using Fourier’s law which depends on the 

thermal conductivity, the temperature gradient and the size of the body (Lewis et al., 

2008). Besides, Hansen (1992) reported that the relatively low thermal conductivity 

values of fruits had limited the heat conduction rate in the fruits. A prolonged heat 

exposure is required for the fruits to be cooked, hence results in a quality loss. From 

the literature review conducted, there is no published data on the Elaeis guineensis 

oil palm fruits, particularly on mesocarp and the EFB. Hence, there is a need to 

determine the thermal conductivity of fresh oil palm mesocarp and EFB.  
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2.3.2 The effect of heating and drying on mechanical properties 

The thermal cracking due to drying and shrinkage will have an impact on the 

mechanical strengths of the material. Oloyede and Groombridge (2000) studied the 

mechanical properties of dried wood specimens using oven and microwave. The 

microwave drying process was able to dry the specimens to the desired moisture 

content quicker. It was also found that the failure strength, Young’s modulus and 

yield strength of the dried woods were reduced by as much as 60 %. However, 

microwave drying increases the mechanical strength of other materials such as paper 

(Kumar et al., 1990), carbon fiber composite (Papargyris et al., 2008) and tungsten 

alloy (Prabhu et al., 2014). 

Several investigators studied the mechanical properties of different agricultural 

and food materials. Anazodo and Norris (1981) noted that the elastic modulus and 

crushing strength of corncob decreased with increasing moisture content. Misra and 

Young (1981) showed the elastic modulus of soya bean decreased parabolically with 

increasing moisture content. Similar results were reported for cowpea  (Pappas et al., 

1988), yellow dent corn kernels (Waananem and Okos, 1988), cashew nuts (Oloso 

and Clarke, 1993) and wheat (Kang et al., 1995) and hazelnut (Güner et al., 2003). 

In fruit processing, Contreras et al. (2008) investigated the effect of convective 

drying and microwave-assisted convective drying methods on the mechanical 

characteristics of apple and strawberry. Both drying processes promoted the 

mechanical rigidity and resistance of the dried samples. However, fruits dried by the 

microwave-assisted convective drying obtained a greater mechanical resistance to 

fracture and deformation which improved firmness and rigidity. Krokida and 

Maroulis (1999) studied the effect of microwave drying on biological products. The 

authors reported that the microwave drying decreased the maximum stress and strain 

of dried products but increased the elasticity. Nevertheless, the quality of a 

microwave dried food was similar to those of conventional air dried food. 

Besides, the information on the mechanical strengths of FFB is important in the 

oil palm milling process. According to Raji and Favier (2004), pressing or 

compression force is one of the main factors which influenced the energy demand of 

the oil extraction process. The correct estimation of the food's mechanical properties 

will minimize the energy required to crack the oil palm kernel shells (Kabutey et al., 

2013).  
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On the other hand, Abbas et al. (2006) studied the relationship between the 

sterilization and the texture properties, i.e. fracturability, hardness, adhesiveness and 

cohesiveness of oil palm fruits. In their work, compression force was applied using 

an instrumental texture profile analysis (TPA) to obtain the force-time curve to 

analyze the texture properties of fresh and sterilized palm fruits. Their study found 

that the sterilization reduced the fracturability, hardness and adhesiveness properties 

of palm fruits significantly. This resulted in the better detachment of palm fruits from 

EFB and also the easy separation of mesocarp from palm kernel nuts.  

In the published literature, there is no information on the mechanical quality 

properties of oil palm fruits as a function of moisture content. This information is 

important to identify the mechanical performance in fruits detachment and oil 

extractions of the kernel, mesocarp and EFB.   

 

2.3.3 The effects of heating on microstructure, texture and appearance 

The internal structure of food will be deformed and locally damaged during a 

drying process. Law et al. (2016) stated that the cracks occurred at the core oil palm 

kernel and then propagated to the surface of the kernel during microwave heating and 

drying process. In addition, Bilbao-Sa´inz et al. (2006) observed that some of the 

cells of microwave-treated apple were destroyed due to changes of sample’s volume 

whereby the rate of free water diffused out to the surface is faster than the evaporated 

water thus increases of internal pressure during the falling periods of the drying 

process. Besides, Lupinska et al. (2009) stated that a high drying rate could damage 

the dried material, thus lower levels of microwave power should be used to minimize 

the risk of damaging the drying biological material.  

On the other hand, Fazaeli et al. (2012) stated that changes in food structure 

have an influence on its textural, quality and nutritional attributes. However, Lorenz 

and Decareau (1976) concluded that microwave heated foods have the same 

magnitude of nutritional and chemical changes as those processed by conventional 

methods. Moreover, the degree of destruction of vitamins and pigments for 

microwave heated food was no greater than that heated by a conventional heat 

process. Therefore, the food structure is too an important factor in determining the 

food quality.  
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2.4 Mathematical modelling of drying process 

There are numerous mathematical models available in the open literatures 

which describe the microwave drying process. In this section, the importance of 

mathematical models pertaining the current research is reviewed. The first section 

will discuss the mathematical models of a general drying process. After that, the 

mathematical models for microwave heating will be presented. Outstanding results 

from the modelling work will also be reviewed.  

2.4.1 Convective drying models  

There are several methods in the open literature that are used to model the 

moisture removal from a solid material. The first method is the analytical solution of 

Fick's diffusion equation. Crank (1975) provided an overview and developed a 

mathematical mass transfer model based on Fick’s diffusion model, including many 

types of initial and boundary conditions for different geometries. The analytical 

solution is only applicable for simple geometries and it is not versatile. This method 

is also known as one-equation model where only the moisture content is solved.  

The second method is called the two-equation model because both moisture 

content and solid temperature are solved. Two approaches are available in this 

category, namely Luikov's model and the coupled Fick's law and energy conservation 

equations. According to Luikov (1975), moisture content not only is transferred via 

volumetric moisture concentration gradient but also via temperature gradient. The 

author showed that moisture transport and temperature distributions inside a material 

are mutually correlated. Both the moisture concentration and temperature gradients 

contributed to the heat and mass transfer fluxes. Hence, the author developed the 

interrelated differential equations to model the heat and mass transfers in capillary 

porous bodies and are given as (Wang et al., 2007): 
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 (2.9) 

In the equation (2.8), the temperature prediction is estimated from the heat 

fluxes due to the conduction, the evaporation of internal moisture and the 
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temperature and moisture concentration gradients which are represented by the first, 

second and third term of the equation, respectively. The moisture content in equation 

(2.9) is predicted from the mass fluxes due to the moisture content and temperature 

gradients and the internal moisture evaporation.  

The model gave a satisfactory simulation result. Various researchers have 

applied Luikov’s model to predict the temperature changes and moisture diffusion of 

the biological products such as apple (Jun et al., 1998), milk (Wang et al., 2005) and 

barley (Ranjan et al., 2002). In addition, Haghighi and Segerlind (1988) employed 

modified Luikov’s equations to solve simultaneously the heat and mass diffusion 

equations to obtain temperature and moisture distributions of biological materials 

during forced drying. The predicted drying curve for soybean model agreed well with 

the experimental data.  

However, the major limitations of the model include the determination of the 

process related variables, the assumption of the constant thermophysical properties 

and the complexity of solving the solutions. The Luikov's model involves parameters 

which are difficult to determine experimentally such as absorption and desorption of 

moisture parameters and process related variables. Barbosa-Cánovas and Vega-

Mercado (1996) stated that the absorption and desorption of moisture parameters 

needed in the Luikov’s model are lack of a firm theoretical fundamental and thus 

require to be identified experimentally. Moreover, Wang et al. (2007) and Kemp and 

Oakley (2002) pointed out that process related variables such as the phase 

conduction between liquid and vapor ( luikov ) and the thermogradient coefficient 

( luikov ) are difficult to be obtained theoretically and must be determined 

experimentally. Furthermore, Rossen (1977) pointed out that thermophysical 

properties in the Luikov’s model are assumed to be a constant value. Thus, the 

solutions of the model would become exceedingly complex when the thermophysical 

properties, e.g. specific heat capacity, density, thermal conductivity and specific 

volume are functions of moisture content and temperature. In addition, solving the 

model and analyzing the solution are challenging because complex eigenvalues are 

included in the analysis although Liu and Shun (1991) and Pandey et al. (1999) 

presented an analytical method for solving the Luikov’s equations for heat and mass 

transfers. 



22 

 

Due to the complexities and the limitations of Luikov’s model, the coupled 

Fick's diffusion and Fourier’s heat conduction equations which is a simpler model is 

used to solve the temperature and moisture concentration of a material. The Fourier’s 

heat conduction and Fick’s diffusion are given by Berk (2013): 

 cond sq kA T    (2.10) 

  
c

D c
t


 


 (2.11) 

In the Fourier’s heat conduction, as shown in equation (2.10), the rate of heat 

flux in a material, condq , is proportional to the negative temperature gradient, T  

and the area, sA . The change in moisture concentration, as shown in equation (2.11), 

c , at time t  is predicted by the diffusion coefficient, D , of the sample.  

The advantage of this model over Luikov's model is that the input parameters 

such as liquid diffusion coefficients and solid thermal properties can be found 

experimentally or through widely-accepted correlations. Some of the works which 

adopted this approach are summarized as below.  

Hawlader et al. (1999) developed a mathematical model to describe heat and 

mass transfers within the material during drying that accounted for the effect of 

shrinkage, moisture dependent of diffusion rate. Both heat and mass transfers were 

solved using the Fourier’s heat conduction equation and Fick’s law respectively.  The 

study showed the coupled model predicted well with the experimental results.  

Besides, Ho et al. (2002) included the effect of surrounding air flow to obtain 

the mass transport of a food product. The authors developed a mathematical model 

based on Darcy and Fick’s law of diffusion to represent liquid and vapor flow within 

a food product, under cyclic air temperature variations for cyclic heating applications. 

In their model, vapor migration took place due to convection and diffusion 

phenomena. However, low porosity material such as food materials, vapor migration 

due to convection can be considered insignificant. 

On the other hand, Mujumdar (2006) provided a fundamental overview of the 

simple liquid diffusion model based on Fick’s second law. Effective moisture 

diffusivity of fruits, seeds, grains and polymers are shown in Table 2.1.   
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Table 2.1: Approximate ranges of moisture diffusivity in some materials (Mujumdar, 

2006) 

Material Diffusivity (m
2
/s) 

Animal feed 1.8×10
-11

 – 2.8×10
-9

 

Apple 1.0×10
-11

 – 3.3×10
-9

 

Banana 3.0×10
-13

 – 2.1×10
-10

 

Carrot 1.2×10
-10

 – 5.9×10
-9

 

Biscuit 8.6×10
-10

 – 9.4×10
-8

 

Raisin 5.0×10
-11

 – 2.5×10
-10

 

Starch gel 1.0×10
-10

 – 1.2×10
-9

 

Wheat 6.9×10
-12

 – 2.8×10
-10

 

Wood 5.0×10
-10

 – 2.5×10
-9 

 

Magee (2003) evaluated moisture diffusivity and moisture transfer coefficient 

of the slab and cylinder samples using an one dimensional transient moisture 

diffusion model which was proposed by Dincer and Dost (1995). Their study 

indicated that the model was an efficient method to estimate the moisture diffusivity 

and mass transfer coefficient values for convective, microwave and combined 

convective-microwave drying of the slab and cylinder samples. Besides, Guiné et al. 

(2012) determined the mass transfer properties of pears for convective air drying 

based on a diffusional model from Fick’s second law and the analytical model of one 

dimensional transient moisture diffusion proposed by Dincer and Hussain (2002). 

Hii et al. (2013) investigate the kinetics of heat pump drying of cocoa beans 

from their developed model that coupled heat and mass transfers. The model has 

incorporated with shrinkage factor. Their study showed that shrinkage played an 

insignificant role in the model due to small shrinkage ratio observed before and after 

drying. Mass transfer coefficient and heat transfer coefficient were predicted from 

Nusselt and Prandtl number correlations.  
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Mercier et al. (2014) developed a model which accounted for water 

evaporation during pasta drying to obtain its moisture profile. The authors reported 

that diffusivities and mass transfer coefficients were the most important parameters 

to accurately predict the drying time and internal moisture profile. On the other hand, 

Kumar et al. (2016) and Zhao et al. (2016) stated that the evaporation effect played 

an important role in heat and mass transfers and is accounted for the effect in both 

the heat and moisture transfers. In addition, various parameters included in the 

Fourier’s equations and Fick’s law are dependent on temperature and moisture 

content such as the heat and mass transfer coefficients (Dumas and Mittal, 2002, 

Xanthopoulos et al., 2012), evaporation rate (Zhao et al., 2016), diffusion coefficient 

(Ghazanfari et al., 2006) and drying rate constant (Alibas, 2009, Hemis et al., 2011). 

These parameters used in the coupled Fourier’s equation and Fick’s law could 

accurately predict the heat and mass transfers because water vapor evaporation and 

moisture diffusion are both function of temperature and moisture content. 

Generally, food can be considered a porous medium, which contains void, gas 

and liquid. A more accurate model is to apply porous medium theory in the drying 

process.Whitaker (1977) introduced volume averaging method to predict heat and 

mass transfer coefficients for porous materials. The method took into account mass 

transfer by liquid flow due to capillary forces, vapor diffusion in a porous structure, 

moisture diffusion and internal evaporation of moisture, whereas heat transfer is by 

convection and conduction. Younsi et al. (2007) used Whitaker’s volume averaging 

method to solve the liquid and vapor migrations within a wood that was treated with 

high temperature heat treatment. Free water, bound water and water vapor of 

moisture phase were considered in the mass transfer. Navier-Stokes and 

conservations of energy with Whitaker’s method were solved and the result was 

comparable to the experimental data. Moreover, Plumb et al. (1985) solved the heat 

and mass transfer of a soft wood by using Whitaker’s volume averaging method. The 

model accounted for liquid diffusion through capillary movement and the heat 

transfer included conduction, convection and cooling effect due to evaporation. 

Excellent results were obtained from this modelling work. 

The mass transfer included diffusion and liquid movements transported 

through capillary movement, whereas the heat transfer is by conduction, convection 
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and evaporation. The obtained numerical results have agreed well with the 

experimental data.  

 

2.4.2 Microwave drying models  

Microwave drying models are similar to the convective drying models which 

were discussed earlier. The only exception is that the microwave heating has to be 

accounted for. There are generally two ways to model the microwave power 

absorption of a sample, which is the source of the microwave heating. The first 

method is to adopt the so-called Lambert's law and the second method is to solve the 

full Maxwell's electromagnetic equations.  

Maxwell’s equations are used to describe the interaction of electromagnetic 

field on a sample and to obtain the electromagnetic field distribution insides the 

sample.  

Lambert’s law is widely used because of its simplicity and is given by: 

    2 L x

oP x P e
 

  (2.12) 

In Lambert's model, the microwave heating is accounted for by including a 

heat source in the energy equation (2.12). The heat source is an exponentially 

decaying term, 2 ( )L x
oP e   . The microwave power on the material surface is denoted 

as oP . The absorbed power inside the material decreases as the distance x  increases. 

The constant,  , is a function of the material's dielectric properties (Arballo et al., 

2010). Lambert's model is easy to solve, but the main disadvantage is that the 

microwave power has to be known and it is difficult to estimate. The disadvantage of 

Lambert's model can be overcome by solving the full Maxwell's equations. This 

approach allows modelers to know the electromagnetic distribution in the whole 

computational domain. The following discusses some of the important modelling 

approaches and results from the open literature. 

Ayappa et al. (1991) provided an overview to solve for the electromagnetic and 

temperature distributions of a finite slab through Lambert’s law and Maxwell’s 

equations. The authors reported that Lambert’s law was only valid for thick samples. 
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The temperature obtained from Lambert’s law were within 0.5 % of those estimated 

using Maxwell’s equation. 

Jun et al. (1998) developed a microwave drying model using Luikov’s and 

Lambert’s equations. The authors included the effect of heat on moisture diffusion, 

internal evaporation and internal heat generation in the model. However, Lambert’s 

law was dependent on the knowledge of empirical parameters such as the amount of 

radiation transmitted at the sample surface that must be evaluated experimentally. 

Yang and Gunasekaran (2004) investigated and compared the temperature 

distributions inside the agar gel cylinder by solving Lambert’s law and Maxwell’s 

equations. The predicted temperature distribution profiles in the sample based on 

both methods were statistically accurate. However, the authors found out that 

Maxwell’s equations were more accurate in predicting the temperature distribution, 

especially around the sample’s edge. This is due to semi-infinite sample assumption 

of Lambert’s law where the standing wave was disregarded, thus overestimated the 

temperature of the sample with a smaller radius. The result was consistent with that 

obtained by Oliveira and Franca (2002), who compared the use of Maxwell’s 

equation and Lambert’s law in predicting power distribution inside a food sample. 

Yang and Gunasekaran (2004) and Oliveira and Franca (2002) found that power 

distributions predicted using Lambert’s law tend to agree with Maxwell’s equation as 

the radius of the sample increased. The authors observed the absorbed power 

concentrated at the centre of the sample with a smaller radius. As the sample’s radius 

increased, the amount of absorbed power at centre decreased, but increased on the 

surface of the sample. Lambert’s law could cause a significant error when applied to 

samples with smaller radii.  

Oliveira and Franca (2002) developed a microwave heating model which 

coupled Maxwell’s equation and transient heat conduction to solve for 

electromagnetic wave and temperature distributions. The authors found that the 

efficiency of microwave heating depended on sample size, shape and the radiation 

frequencies. The authors observed that power absorption and radiation penetration 

were more effective at lower frequencies than at higher frequencies as the values of 

the dielectric properties were higher at lower frequencies. The authors also modelled 

an intermittent microwave heating model and the effect of turntable rotation was 

accounted for. This resulted in a more uniform temperature profile. Wang et al. 
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(2002) modelled a fluidization bed drying of carrots with different patterns of 

microwave heating (intermittent and continuous modes). The authors reported that 

the temperature of the carrot subjected to intermittent microwave heating was found 

to be lower compared to continuous heating. The intermittent heating overcame the 

overheating problem that usually occurred with continuous microwave heating. 

Liu et al. (2005) developed a microwave thawing model of frozen food by 

coupling electromagnetic field and transient heat equations. Maxwell’s equations and 

Lambert’s law were used to compare the temperature and power distributions within 

the sample. Their models showed that the simulated temperature distributions by 

using both equations were accurate. However, concerning the power distribution in a 

sample, Maxwell’s equation performed better than the Lambert’s law. Rattanadecho 

(2006) illustrated the influence of wave frequencies and sample size on microwave 

power absorption within wood samples. The author developed a coupled Maxwell’s 

equations and heat conduction model to predict the power absorption in the sample. 

It was observed that microwave power absorption increases with smaller sample size 

and higher microwave frequency.  In addition, the power absorption was also 

reported to be affected by the change in the sample’s properties due to the 

incorporation of osmotic medium (Arballo et al., 2010) and the moisture loss 

(Funebo and Ohlson, 1999) during the microwave drying process. 

Hussain et al. (2013) developed a microwave model for EFB to predict the 

temperature distribution using transient heat equation. The authors used neither 

Maxwell's equations nor Lambert's law. Instead, the microwave input was merely 

modelled as a known heat source. The author indicated a linear relationship between 

microwave power density with the temperature distribution of EFB.  

Law et al. (2016) had modelled a microwave heating and drying of discrete 

samples of oil palm kernels in a 2.45 GHz microwave oven. Maxwell’s equation, 

transient heat conduction and mass transfer equations were solved for the 

electromagnetic field, temperature and moisture content distributions in a group of 

discrete kernels. The authors reported that local electric field pattern, the 

arrangement of samples and heat transfer mechanisms affected the heating pattern of 

the samples. 
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2.5 Summary 

Current research works have shown that microwave sterilization offers a 

number of advantages over the conventional sterilization. Microwave heating 

provides a fast and uniform heating for the drying process of FFB. In addition, the 

POME that are generated vigorously in the current oil palm milling process could be 

eliminated by employing the microwave heating technology. However, their works 

were limited to laboratory studies and there is a lack of fundamental understanding in 

microwave heating of FFB.  

The interaction between the electromagnetic field and material depends on a 

material’s dielectric properties. Other parameters such as thermal conductivity, 

diffusivity, evaporation rate and drying rate are used to predict the heat and mass 

transfer phenomena in the FFB. The properties of the kernel, mesocarp and EFB such 

as thermal conductivity and dielectric properties are not known, especially as a 

function of moisture content. These properties are essential for accurate model 

prediction.  

On the other hand, fruit detachment and oil extraction processes depend on the 

size and mechanical performance of the fruits and bunches, whereas the quality of 

the microwaved fruits can be observed from their structural changes. Researchers 

suggested that heating or drying has a significant effect on microstructure, 

mechanical and thermal behavior. Nevertheless, the effects on oil palm kernel, 

mesocarp and EFB are yet to be fully understood. Therefore, the effects of 

microwave heating and determination of microstructure, mechanical and thermal 

properties will be pursued. The description of the experimental work will be 

presented in the next chapter.  
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CHAPTER 3  

EXPERIMENTAL STUDY 

 

The previous chapter gave the fundamental and literature review on microwave 

heating of food. Particular attention was paid to the application of microwave in the 

oil palm industry. In this chapter, a number of experimental procedures are presented. 

These experiments are used to characterize the mechanical, the permittivity and the 

drying kinetics of fresh fruit bunches (FFB). 

3.1 Assumptions and limitations 

Several assumptions had been made during the experimental works. The 

assumptions were as follows: 

1. Moisture content of the stored samples remained similar as the fresh samples. 

2. Moisture was lost during microwave heating and drying only. 

3. Kernel was assumed as homogeneous spheroid, while mesocarp and EFB 

were assumed as homogenous rectangular bodies. 

 

3.2 Materials preparation 

Fresh fruit bunch of oil palm (Elaeis guineensis) were obtained from a local oil 

palm supplier, Sarawak Oil Palm Berhad Sarawak, Malaysia. The unprocessed EFBs 

were collected after the palm fruits detachment from the fruit bunches. The EFB was 

cut into 11.5 mm x 10 mm x 24 mm cubes by using a hacksaw (Stanley 15-265) and 

a cutter. Mesocarp and kernel were obtained by cutting the palm fruit with a cutter 

and a diagonal plier. Mesocarp samples with dimensions of 24 mm x 13 mm x 4 mm 

and kernel samples with a mean diameter of 12.5 mm were used in the experiments. 

The samples were stored in a fridge prior to experiments. 

3.2.1 Determination of size 

The sizes of the cubic samples were determined by using a vernier caliper to 

measure the length, thickness and width which are denoted as l , ht  and w  

respectively. The sizes of the ellipsoid kernels were expressed in geometric mean 

diameter, md  , which was determined according to Aremu and Fadele (2011) as: 
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1/3

m hd l t w     (3.1) 

The volume of the mesocarp and EFB was calculated based on equation (3.2),  

whereas equation (3.3) was used to calculate the volume of the kernel. 

 hV l t w     (3.2) 

 31

6
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3.2.2 Determination of moisture content 

Moisture content at any drying time t  ( tMC  ) was determined as follows: 

 100t bd
t

bd

W W
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W


    (3.4) 

where tW   is the sample weight at any drying time t  and bdW  is the bone-dry weight. 

The equilibrium sample weight was achieved when a material equilibrates with air 

temperature and water vapor pressure. 

The initial moisture contents of the three components of FFB, namely kernel, 

mesocarp and EFB were determined by using the oven-drying method. The initial 

moisture content was obtained according to the ASAE Standard S352.1 (ASAE, 

1982) under selected conditions of time and temperature. The samples were placed in 

a crucible and dried at 105 °C using an oven for 24 hours. The weights of the bulk 

samples before and after oven-drying were recorded. The difference between the 

weights gave the quantity of moisture evaporated during drying on a dry weight basis 

(d.b.). Three repetitions were conducted to confirm the obtained initial moisture 

content. The initial moisture content is given by: 

 100o bd
o
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W W
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    (3.5) 

where oW  is the sample’s initial  weight.  
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3.3 Characterization experimental procedures 

3.3.1 Permittivity measurement 

Relative permittivity of the EFB, mesocarp and kernel were measured using a 

dielectric probe (Keysight, 85070E Dielectric Probe Kit) as shown in Figure 3.1. The 

measurement system consists of a computer-controlled vector network analyzer 

(VNA) (Keysight, E5071C) and the dielectric probe. Air, metal short and deionized 

water were used as three dielectric references for calibration at the aperture of the 

dielectric probe.  

 

 

Figure 3.1: Keysight 85070E Dielectric Probe 

The measurements were performed at room temperature. During the 

measurements, the kernel and EFB samples were directly in contact with the probe 

aperture. On the other hand, part of the fresh mesocarp of the fruit was sliced in the 

longitudinal direction to ensure a good contact between the surface of the mesocarp 

and the dielectric probe. Permittivity of EFB, mesocarp and kernel samples was 

measured as a function of moisture content. Samples were dried using a domestic 

microwave and the moisture contents are determined according to Section 3.2.2. The 

moisture ranges of EFB, mesocarp and kernel samples used were 31 % to 465 % d.b., 

0 % to 12.7 % d.b. and 0 % to 17.1 % d.b. respectively. To increase the accuracy and 

validity of the experimental data, the measurement of dielectric properties for each 

testing was repeated five times. Dielectric constants ( '
r ) and dielectric loss factors 

( ''
r ) were obtained from each measurement and average values are reported in 

Section 4.1.1. 
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3.3.2 Characterization of thermal properties of Kernel, Mesocarp and EFB 

Generally, the methods of measuring thermal conductivity are classified into 

two categories, namely the steady state heat transfer method and the unsteady state 

(transient) heat transfer method. The steady state conduction method has 

disadvantages such as required longer processing time and increases the possibility 

of moisture migration due to temperature differences across a sample (Shepherd and 

Bhardwaj, 1986, Wang et al., 2016). These disadvantages can be avoided by using 

transient conduction method to determine thermal conductivities of different fruits 

which often contain a higher moisture content. A line heat source method based on 

transient heat transfer has been widely used to measure the thermal conductivity of a 

biological material due to its fast measurement, convenience and small sample sizes 

requirement. This method is most suitable for biological materials that are 

heterogeneous and often contain high moisture content.  

Samples for oil palm mesocarp and EFB of dimensions of 10 mm x 10 mm x 2 

mm were prepared. The thermal conductivities were measured with a thermal 

constant analyzer (Hot Disk TPS 2500S). Due to the stringent requirement on sample 

size, kernel was not suitable for the experimental testing because of its rigid structure 

which does not meet the sample’s size requirement. Hence, the thermal conductivity 

of kernel was taken as 0.68 W/(m·K) as reported by Koya and Fono-Tamo (2013). 

Based on the transient heat source method, the analyzer is capable of measuring 

thermal conductivity within the range of 0.005 to 1800 W/(m·K) with a tolerance of 

less than 5 % and it meets ISO 22007-2 standard. The measurement was conducted at 

room temperature. The thermal conductivity was measured by placing the sensor 

probes on both of the flat sample surfaces until a constant value of thermal 

conductivity was obtained. Two sets of mesocarp and EFB samples were prepared 

for the measurement of thermal conductivity. 

Thermogravimetric analysis (TGA) was performed to study the decomposition 

and thermal stability characteristics of the fresh samples. The TGA analysis was 

carried out using Perkin Elmer STA 6000 simultaneous thermal analyzer. Each 

sample with 20 mg was placed in a platinum crucible. The experiments were carried 

out in an inert atmosphere by flowing nitrogen at 20ml/min with a constant heating 

rate of 20 °C/min from room temperature to 900 °C. 
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3.4 Microwave heating and drying experiment 

Figure 3.2 shows the experimental setup which a modified domestic 

microwave oven (Samsung ME711K), fiber optic thermometer (Luxtron, USA) and 

weight balance (AA-160 Denmer) are included. Appendix 1 shows the set-up in the 

actual experimental setting. The fiber optic sensor and weight balance were used to 

measure the sample’s temperature and mass or weight respectively. 
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Figure 3.2: Experimental setup for microwave heating and drying 

Experimental setup, (1) Microwave power level control ; (2) Microwave time control;  

(3) Microwave cavity; (4) Quartz conical flask; (5) Fiber optic sensor; (6) Holder; (7) 

Electronic weight balance; (8) Data logger and (9) Personal computer 

The domestic microwave oven has a volume of 30.8 cm (width) x 29 cm (depth) 

x 18.5 cm (height) and an adjustable power output ranging from 100 W to 800 W. A 

hole was drilled from the bottom of the microwave oven to allow an aluminium 

holder to be inserted into the cavity and to hold a conical flask which was placed in 

the cavity. The sample was placed in the conical flask and its weight was measured 

using a weight balance.  

Various microwave power levels (100 W, 180 W and 300 W) were 

investigated on the kernel, the mesocarp and the EFB. The microwave powers were 

selected because the powers were the three lowest power levels available in the 

microwave oven (Samsung ME711K). It is suggested that a low microwave power 

could provide a more uniform temperature distribution of the sample  (Ho et al., 

2002). Each sample was placed in a conical flask and located at the center of the 

microwave cavity throughout the experiments. In the current study, cyclic 

1 

2 

8 
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microwave irradiation was supplied by the domestic microwave oven (“ON”/”OFF” 

state for every cycle of 30s). Although the cyclic microwave exposure resulted in 

temperature fluctuation, an overall logarithmic temperature increase was observed 

because microwave energy supplied was converted into heat. The “ON” state 

indicates that the microwave was generated by the magnetron and was supplied to 

the sample, hence, the sample’s temperature increase was due to microwave heating. 

On the other hand, during the “OFF” state, the magnetron of the microwave oven 

does not generate microwave and this resulted in the decrease of the sample’s 

temperature due to cooling by evaporation, convection and radiation. The durations 

of ON and OFF states for power levels of 100 W, 180 W and 300 W were listed in 

Table 3.1. 

Table 3.1: Duration of ON/OFF state for 1 cycle for microwave power levels at 100 

W, 180 W and 300 W. 

Microwave power level, P  (W) ON state, ont  (s) OFF state, offt  (s) 

100 10 20 

180 12 18 

300 13 17 

The weight reading of the flask along with the sample was periodically taken. 

Moisture content of the sample was assumed to have achieved equilibrium when it 

reached a constant weight. The moisture content was calculated according to 

equation (3.4). 

Besides, the sample’s surface temperatures were measured by using two fiber 

optic probes, namely P1 and P2, as indicated in Figure 3.3. A multipurpose adhesive 

was used to hold the fiber optic probes on the wall of the conical flask to allow the 

probes contact on the sample surface for temperatures measurements.  
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Figure 3.3: Schematic diagram showing the locations of fiber optics (P1 and P2) in 

determination of sample surface temperature during microwave heating. 

P1 was placed at the side of the sample’s surface that is closest to the 

waveguide, while P2 was positioned on top surface of the sample. These locations 

were selected because these locations are the potential hot spot locations during 

microwave irradiations as reported by Navarrete et al. (2012), Law et al. (2016),  

Chen et al. (2016), Kumar et al. (2014), and  Birla, Wang, Tang, et al. (2008).  

The fiber optic probes were attached to the data acquisition unit which were 

connected with the personal computer. The temperature data were sampled at 1 

second interval using Luxtron TruTemp software. A microwave leakage detector 

(Mettler Toledo DT-2G/3G) was used to ensure that the microwave exposure was 

below the safety limit of 5 mW/cm
2
 (Schiffmann and Steiner, 2012). To increase the 

accuracy and validity of the experimental data, three sets of samples were prepared 

for the temperature and weight measurements. 

 

3.5 Effects of microwave irradiation 

3.5.1 Determination of Mechanical properties of Kernel, Mesocarp and EFB 

In the current milling process, sterilization aims to soften the fruits and to 

facilitate fruit stripping from the FFB. Mechanical properties of EFB are crucial as it 

determines the minimum energy required for the stripping of palm fruits from FFB. 

In addition, heated or dried kernel and mesocarp require further operations such as 

mechanical or chemical methods for oil extraction. However, microwave heating and 

drying could alter the mechanical properties of kernel, mesocarp and EFB. In 

mechanical extraction, lower mechanical properties such as elastic modulus and yield 

stress are preferable as the energy required to extract oil from fruits will be lowered. 
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In addition, an understanding of the mechanical properties of an agricultural product 

is necessary for the design and development of its postharvest processing machine 

and equipment (Akinoso and Raji, 2011). 

Two types of mechanical characteristics were studied, i.e., yield stress and 

Young’s modulus. The parameters were derived from uniaxial compression tests. 

The uniaxial compression tests were performed by using a universal testing machine 

model (Lloyds instrument model LR10K Plus Digital Control Testing). Samples of 

the kernel, the sliced mesocarp and the sliced EFB were evaluated using a load cell 

rated up to 10kN. The tests were performed at room temperature with a displacement 

rate of 10 mm/min. The results of these two parameters were calculated manually 

and compared with the data obtained from the data logger (NEXYGEN Plus 1.0). 

The software is able to collect the compression data, such as applied force and 

deformation of a sample under a displacement rate. Stress-strain curves were plotted 

by using the collected stress and strain data. 

A yield stress indicates the stress level when a compressed sample is weakened 

and begins to fracture. At this point, the sample ceases to behave elasticity or return 

to its original shape and deforms plastically. Yield stress is the lowest stress at which 

a permanent deformation can be measured. On the other hand, the elastic modulus is 

taken as the ratio of stress to strain up to yield point when tensile or compression 

load is applied to a sample. When a low compression force is exerted on the sample, 

the sample offers little resistance towards compression and exhibits a linear 

relationship which can be defined as its elastic behavior. Figure 3.4 shows the stress-

strain curve of a kernel at a moisture content of 10 % d.b.. OA is the elastic 

deformation region of the kernel and the plastic deformation takes place after the 

yield point of A. 

In order to study the correlation between the mechanical properties with 

respect to the sample’s moisture content, samples with known moisture contents 

were prepared. Table 3.2 shows the range of the samples’ moisture content used in 

the experiment. The samples were dried to different moisture content and the weights 

were calculated according to the following equation: 
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  (3.6) 



37 

 

Table 3.2: Range of sample’s moisture content used in the mechanical strength 

experiment  

Sample Moisture range (% kg/kg d.b.) 

Kernel 0 – 23 

Mesocarp 0 – 24 

EFB 0 – 398.9 

 

 

Figure 3.4: Stress-strain curve of kernel at moisture content of 10 % dry basis 

 

3.5.2 Microstructure analysis 

The surfaces of fresh and microwave-treated samples were investigated under a 

scanning electron microscope (Hitachi TM3000 TableTop Microscope) to 

characterize the effects of microwave on the physical structure of the mesocarp, 

kernel and EFB. In this analysis, microstructure of microwave-treated kernel, 

mesocarp and EFB samples subjected to a microwave drying of 100 W and 200 W 

for two minutes were studied after considering the visual inspective of microwave-

treated kernel, mesocarp and EFB as reported in Section 4.3.2. 
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The samples were then grinded and placed in a desiccator before the SEM 

analysis was conducted. The morphological structures of the fresh and treated 

samples were examined using a SEM. Each sample was mounted on a stud using 

double-sided adhesive carbon tabs and gold coated in a sputter coater (Quorum 

SC7620). Accelerating voltage of 15 kV with magnifications of 500x, 1000x, 1500x 

and 5000x were used to take the SEM images. The surface structure of each sample 

was measured using the ImageJ Java image processing program. 

 

3.6 Summary 

In this chapter, the experimental procedures to determine the permittivity, 

mechanical and thermal properties of the kernel, mesocarp and EFB are described. 

These included drying kinetics, dielectric constants and loss factor, thermal 

conductivities, thermal stability analysis, Young’s modulus and yield stress as well 

as microstructural analysis. The results of these experimental studies are discussed in 

the next chapter. 
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CHAPTER 4  

EXPERIMENTAL RESULT AND DISCUSSION 

 

This chapter presents the results and discussions of the experimental work 

discussed in the previous chapter. This chapter is divided into three main sections, 

namely the experimental characterizations, the microwave heating and drying and the 

corresponding effects of fresh fruit bunches (FFB). The characterizations included 

permittivity and thermal conductivity as well as the thermal behavior studies of FFB. 

The microwave heating and drying experiments provide drying kinetic data of FFB. 

These are then used for the validation of the mathematical models. The effects of 

microwave heating on the mechanical properties and microstructures of the FFB are 

also examined.  

 

4.1 Characterizations 

 

4.1.1 Initial moisture content 

The initial moisture content of the samples is determined by the oven-drying 

method according to ASAE Standard S352.1 (ASAE, 1982). The determination of 

the initial moisture content is crucial because it affects the sample drying rate as 

reported by Walde et al. (2002). Drying rate is an important information for 

estimating total drying time to achieve the required moisture content. Initial moisture 

content of the fresh kernel, mesocarp and EFB of Elaeis Guineensis species obtained 

in this study is compared to the literatures as shown in Table 4.1. The initial moisture 

content of the kernel, the mesocarp and the EFB used in the experiments is found to 

be 28.2 kg/kg d.b, 25.9 kg/kg d.b and 485.49 kg/kg d.b respectively. Based on Table 

4.1, the moisture contents obtained in this study are comparable with the published 

data despite the fruits and EFBs are grown at different locations. 
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Table 4.1: Initial moisture content of kernel, mesocarp and EFB (Elaeis Guineensis) 

Sample Initial moisture content, 

oMC  (% kg/kg d.b.) 

  (in this study) 

Initial moisture content, 

oMC  (% kg/kg d.b.) 

(literature) 

Kernel 28.2 + 0.85 28 (Asr et al., 2012) 

Mesocarp 25.9 + 0.85 23.75 (Tagoe et al., 2012) 

EFB 485.49 + 17.8 468 (Abdullah and 

Sulaiman, 2013) 

 

  

4.1.2 Permittivity measurement 

To adopt microwave technology in the oil palm industry, it is important to 

identify the interaction of microwave energy on drying samples. The interaction of 

microwave energy in sample is strongly related to the sample’s dielectric properties. 

Generally, domestic and industrial microwave heating devices operate at 2.45 GHz. 

For this reason, dielectric properties in this frequency are investigated. Dielectric 

properties of oil palm kernel, mesocarp and EFB with different moisture contents at 

2.45 GHz are shown in Figure 4.1, 4.2 and 4.3 respectively. These graphs show a 

similar pattern that dielectric constant and dielectric loss factor increase with the 

increase in moisture content. EFB is found to have a wider range of dielectric 

constant and loss factor, which are 3.09-24.4 and 0.68-12.8 respectively, compared to 

kernel (2.88< '
r <6.2, 0.36< ''

r <1.08) and mesocarp (3.28< '
r <4.7, 0.29< ''

r <1.10). 

This shows that EFB has the greater ability to store electrical energy and dissipate 

energy (converting electrical energy to heat), which results in greater heat generation 

compared to kernel and mesocarp.  

According to Calay et al. (1995), the dielectric properties are dependent on the 

free and bound water contents in food materials so the dielectric properties of fruits 

increase with increasing moisture content (Sólyom et al., 2013). The influence of 

moisture content on the dielectric properties is observed, that higher moisture content 

lead to the higher magnitudes of dielectric constants and dielectric loss factors for the 

kernel (Figure 4.1), mesocarp (Figure 4.2) and EFB (Figure 4.3).  
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At the microwave frequency of 2.45 GHz, the dielectric constant and loss 

factor for kernel increase from 0.41 to 0.93 and 3.21 to 4.14 respectively when 

moisture content increases from 0 % to 17.1 % d.b. As for the mesocarp, dielectric 

constant increases from 3.09 to 5.29 and dielectric loss factor increases from 0.37 to 

1.02 when the moisture content increases from 0 % to 12.7 % d.b.. Furthermore, 

dielectric constant and loss factor of EFB increase from 3.18 to 20.71 and 0.61 to 

10.32 respectively, with an increase of EFB moisture content from 26.7 % to 465 % 

d.b..  

The dielectric properties increase with moisture content is also observed on 

palm mesocarp and stalk reported by Tan (1981) when microwave energy is supplied 

at 9.5 GHz. Tan (1981) suggested that the dielectric properties are influenced by the 

dipolar orientation of the water molecules present in the sample (Feng et al., 2002, 

Ryynänen, 1995). At the higher moisture content, more free water is in the sample, 

thus higher the microwave absorption and energy dissipation (Metaxas and Meredith, 

1983).  

 

 

Figure 4.1: Dielectric properties of the kernel at various moisture contents at 2.45 

GHz. 
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Figure 4.2: Dielectric properties of mesocarp at various moisture contents at 2.45 

GHz. 

 

 

Figure 4.3: Dielectric properties of EFB at various moisture contents at 2.45 GHz. 
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Linear model is fitted for dielectric properties of kernel, mesocarp and EFB at a 

microwave frequency of 2.45 GHz for a range of respective moisture contents as 

shown in Figure 4.1-4.3. The linear coefficient of determination ( 2R ) values between 

the predicted and measured dielectric constant are 0.8497, 0.7139 and 0.9222 for the 

kernel, mesocarp and EFB respectively. In addition, 0.8633, 0.751 and 0.6025 of 2R

values are achieved for dielectric loss factors of the kernel, mesocarp and EFB 

respectively. The higher amount of moisture content should result in higher values of 

dielectric constant and loss factor (Lee et al., 2010). Consequently, this resulted a 

higher impedance mismatch between the sensor probe and sample. The impedance 

mismatch leads to multi-reflection error (Yee et al., 2011). Hence, the dielectric 

properties data of the kernel, mesocarp and EFB has a high deviation at a higher 

range of moisture content. The correlations between the dielectric properties of 

kernels, mesocarps and EFB as a function of moisture content are shown in Table 4.2. 

 

Table 4.2: Regression equations relating dielectric properties to the moisture content 

in the kernel, mesocarp and EFB at 2.45 GHz. 

Sample Regression equations 2R  Equation number 

Kernel 

0.1621 2.692r MC    0.850 (4.1) 

0.0502 0.241r MC    0.863 (4.2) 

Mesocarp 

0.0776 3.473r MC    0.740 (4.3) 

0.0357 0.526r MC    0.751 (4.4) 

EFB 

0.0452 1.8146r MC    0.922 (4.5) 

0.0211 1.4722r MC    0.603 (4.6) 

 

Figure 4.4 shows the loss tangents and penetration depths of kernels, 

mesocarps and EFB as a function of moisture content at 2.45 GHz. Dielectric 

properties are associated with the characteristics of material when subjected to 

microwave heating such as loss tangent and penetration depth. 

Loss tangent is defined as the absorbability of the electromagnetic wave and 

changes on a material. The loss tangent is greatly affected by the moisture content of 
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the material. Figure 4.4 shows that the EFB (0.50-0.80) has the better absorbability 

properties compared to the kernel (0.09-0.225) and mesocarp (0.145-0.265). The 

higher absorbability properties which are correspond to the heat generation are 

observed when higher moisture content is present in the kernel and the mesocarp. 

The loss tangent increased with increasing moisture content trend was also observed 

in flaxseeds (Sacilik et al., 2006) and corn seeds (Sacilik and Colak, 2010b). 

Conversely, EFB sample has the weak absorbability properties at high moisture 

content but with a greater electromagnetic absorption at lower moisture content. The 

decreases in loss tangent are resulted from the greater magnitude of dielectric 

constant against the dielectric loss at the higher moisture content. This pattern is in 

agreement with other fibrous products such as aspen and birch (Koubaa et al., 2008) 

popcorn grains (Novak, 2013) and tomato and strawberries (Ghanem, 2010).  

In addition, generated microwave power density within a sample is also highly 

dependent on penetration depth. The penetration depth denotes the depth at which the 

microwave power density has decreased to 37 % (e
-1

) of its initial value at the surface 

that is 63 % (1-e
-1

) of incident microwave power density is generated in the sample. 

Penetration depth is one of the important criterions for designing of any microwave 

heating system. Microwave is absorbed by the sample when the penetration depth is 

smaller than sample’s (Ku et al., 2001). Thus a material with high microwave power 

density generation will have a lower penetration depth. The penetration depth is 

dependent on the dielectric properties of the sample and is calculated according to 

equation (2.7). The penetration depth of EFB ranged from 0.0085 to 0.019 m for 

moisture content from 0 to 485 % kg/kg d.b., whereas mesocarp has the penetration 

depth of 0.032 to 0.068 m at moisture content from 0 to 26.9 % and is lower to that 

of kernel at 0.03 to 0.13 m at moisture content from 0 to 28.5 %. The penetration 

depths of these samples exhibit the same relationship that the penetration depth 

increases with reduced moisture content. The similar penetration depth trend that 

increases with reduced moisture content was also observed for organic compounds 

such as egg white (Boreddy and Subbiah, 2016), chestnut flour (Zhu et al., 2012) and 

almond shells (Gao et al., 2012). This indicates that penetration depth is highly 

dependent on loss tangent than dielectric constant. Kernel, mesocarp and EFB could 

be heated effectively by microwave heating at a higher moisture content with low 

penetration depth.  
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(a) 

 
 

 

(b) 

 

 

(c) 

 

Figure 4.4: Loss tangent and penetration depth of (a)kernel, (b)mesocarp and (c)EFB 

at various moisture contents at a frequency of 2.45 GHz. 
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This study reckons that the dielectric properties of the fresh oil palm kernel, 

mesocarp and EFB are greatly dependent on the moisture content. The dielectric 

properties define the abilities of sample such as penetration depth and loss tangent. 

During microwave drying, the dielectric properties of the kernel, mesocarp and EFB 

samples decrease when their moisture content are reduced, hence change their 

penetration depth and loss tangent. The penetration depth of kernel, mesocarp and 

EFB increases with reducing moisture content whereby the loss tangent decreases 

with reducing moisture content. However, the loss tangent of EFB increases at lower 

moisture content. This information are crucial for the simulation of microwave 

heating studies. Therefore, the correlations between the dielectric properties of kernel, 

mesocarp and EFB as a function of moisture content are fitted in linear model. These 

data could also improve the design effectiveness of a commercial microwave system 

in calculating the requirements of microwave power and time to achieve the desired 

product’s specification. 

 

4.1.3 Thermal conductivity measurement 

Thermal conductivity is one of the important parameters used in the heat 

transfer analysis in a sample. The thermal conductivity of kernel was found and 

reported to be 0.68W/(m·K) by Koya and Fono-Tamo (2013). Chan (1985) reported 

that the thermal conductivity of mesocarp of Tenera variety was 0.347W/(m·K). 

Nevertheless, there is lack of information on the thermal conductivity of the fresh 

mesocarp and EFB of Elaeis guineensis species in the literatures till date. Therefore, 

the thermal conductivity of fresh mesocarp and EFB is to be then determined this 

section. The thermal conductivity of the fresh oil palm mesocarp and EFB slices is 

determined based on transient heat source method. The dimensions of the tested 

samples are as reported in Section 3.3.2. The thermal conductivity values are 

presented in Table 4.3. 
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Table 4.3: Thermal conductivity of mesocarp and EFB slices 

Sample Average thermal conductivity 

value, k  (W/(m·K)) 

Estimated thermal conductivity 

from literature 

Mesocarp 0.458 + 0.022 0.347 (Chan, 1985) 

EFB 0.0285 + 0.001 0.01 – 0.03 (Hassan et al., 2014)   

 

In this analysis, the average thermal conductivity of the oil palm mesocarp and 

EFB is 0.458 and 0.028W/(m·K) respectively. The obtained thermal conductivity is 

compared with the estimated values and the comparison shows the experimentally 

determined values are close to the estimated values. The higher thermal conductivity 

of mesocarp leads to a greater thermal energy transfer compared to EFB. This is 

because the fresh EFB consists of a small amount of solid matter and a large 

proportion of voids namely gas or air bubbles due to the presence of high moisture 

hence thermal conductivity is lowered. 

 

4.1.4 Thermal behavior characterization 

TGA is conducted to study the decomposition and thermal stability of fresh 

kernel, mesocarp and EFB. It is done by heating the kernel, the mesocarp and the 

EFB from 30 °C to 900 °C at a rate of 20 °C/min in the presence of nitrogen gas. 

Figure 4.5-4.7 show the weight losses of the samples as a function of temperature 

and its derivative weight curve to illustrate the rate of mass loss. The derivative 

weight curve shows four degradation steps. Decomposition of natural fibers is 

generally attributed by the moisture evaporation and the lignocellulose 

decompositions such as lignin, hemicellulose and cellulose decompositions 

(Suardana et al., 2011, Methacanon et al., 2010, Martin et al., 2010, Lee and Wang, 

2006). 
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Figure 4.5: TGA and derivative weight analysis of fresh kernel 

 

Figure 4.6: TGA and derivative weight analysis of fresh mesocarp 

 

Figure 4.7: TGA and derivative weight analysis of fresh EFB 

1 2 3 4 

1 2 3 4 

4 3 2 1 



49 

 

Table 4.4 shows the stages of weight loss for fresh kernel, mesocarp and EFB 

calculated based on Figure 4.5-4.7. The first degradation stage is occurred due to the 

moisture evaporation in the samples (Norul Izani et al., 2013). In the first stage, 

moisture is evaporated from the room temperature to 100 °C for kernel, mesocarp 

and EFB. Then, a massive thermal degradation due to the decomposition of 

lignocellulose in the sample is observed and leads to maximum rate of weight loss. 

 

Table 4.4: Analysis of weight loss of mesocarp, kernel and EFB in four stages with 

its chemical constituents 

Sample Stage 1 Stage 2 Stage 3 Stage 4 Char  

% dry 

sample 

Moisture 

evaporation 

Lignin and 

hemicellulose 

decomposition 

Cellulose 

decomposition 

Lignin 

decomposition 

T 

(°C) 

Wt 

(%) 

T 

(°C) 

Wt 

(%) 

T 

(°C) 

Wt 

(%) 

T 

(°C) 

Wt 

(%) 

Kernel 30-100 3.84 100-416 32.16 416-555 44.92 555-835 15.87 3.21 

Mesocarp   30-100 1.15 100-410 46.73 410-500 24.98 500-815 22.53 4.61 

EFB 30-100 6.85 100-415 52.81 415-660 11.50 660-870 10.06 18.78 

The second stage happens from 100 °C to 416 °C with a mass loss of 32.16 % 

and 100 °C to 410 °C with a mass loss of 46.73 % for kernel and mesocarp 

respectively. The second stage corresponds to the decomposition of lignin and 

hemicellulose. The third stage occurs from 416 °C to 555 °C and 410 °C to 500 °C 

with mass losses of 44.92 % and 24.98 % respectively for kernel and mesocarp 

which corresponds to the decomposition of cellulose. The decomposition of lignin, 

hemicellulose and cellulose (Stage 2 and Stage 3) in EFB happens simultaneously at 

100 °C to 415 °C with a huge mass loss of 52.81 %. As reported by Nabinejad et al. 

(2015), the decomposition of lignin starts after the end of cellulose decomposition. 

The decomposition of lignin starts from 555 °C to 835 °C, 500 °C to 815 °C and 

415 °C to 870 °C for kernel, mesocarp and EFB respectively. The decompositions of 

fresh kernel, mesocarp and EFB ends at 835 °C, 815 °C and 870 °C with char of 

dried the samples of 3.21 %, 4.61 % and 18.78 % respectively. During the 

microwave drying experiments in Section 4.2, maximum temperatures of 77 °C, 
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68 °C and 78 °C respectively were recorded after the microwave treatment on kernel, 

mesocarp and EFB samples. Based on Table 4.4, the decompositions of the fibers for 

kernel, mesocarp and EFB happen at temperature above evaporation point (100 °C). 

During the microwave heating experiments, maximum temperatures of 84 °C and 

96 °C respectively were recorded after the microwave treatment on kernel and 

mesocarp samples for 14 mins. Therefore, the weight losses of the heated kernel and 

EFB samples during the microwave drying experiment are only due to moisture 

evaporation. However, the temperature of EFB increased beyond 100 °C after 5 mins 

of microwave treatment. Subsequently, the lignocellulose of the EFB decomposed. 

 

4.2 Microwave heating and drying 

Figure 4.8(a), 4.8(b) and 4.8(c) show the temperature profiles of the kernel, 

mesocarp and EFB at P1 and P2 respectively. P1 and P2 are located on the samples 

as described in Section 3.4. The temperature fluctuations are due to the microwave 

cyclic operation. The corresponding drying curves are shown in Figure 4.9(a1), 

4.9(b1) and 4.9(c1). It is observed that the EFB has the highest rate of heating 

compared to mesocarp and EFB when subjected to microwave heating. From the 

temperature profiles of the two probes, P1 and P2, it is observed that the top surface 

of the sample achieved a higher temperature than those at the side of the sample.  

The rapid heating of EFB is contributed by its small penetration depth and high 

loss tangent compared to the kernel and mesocarp. The small penetration depth of 

EFB (0.0085 - 0.019 m) allow microwave absorption in the sample. On the other 

hand. The penetration depths of kernel (0.03 - 0.13 m) and mesocarp (0.032 - 0.068 

m) are larger than the respective sizes. Therefore, microwave is able to penetrate 

through the kernel and mesocarp samples. Water droplets are observed on the wall of 

the conical flask in the heated sample at the end of the heating process, particularly 

on the EFB. This is due to evaporation of water followed by the condensation of 

water vapor to the cooler flask’s wall.  

The drying kinetics of the kernel, mesocarp and EFB at different microwave 

powers are depicted in Figure 4.9(a), 4.9(b) and 4.9(c) respectively. Similar drying 

trend was observed during microwave drying of FFB abscission layer (Sukaribin and 
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Khalid, 2009), oil palm leaf (Mielke, 2017) and palm fruits (Puangsuwan et al., 

2015) where two stages of drying are observed in sample drying; namely the constant 

drying rate period and the falling drying rate period. The two drying rate period of 

sample at 180 W are shown in Figure 4.9(a2), 4.9(b2) and 4.9(c2). During the 

constant drying rate period, the mass transfer rate is constant and moisture content is 

dried from initial to critical moisture content. Lüle and Koyuncu (2015) stated that 

the rate of removal of moisture content during the constant drying period was highly 

dependent on the surrounding conditions and only affected slightly by the nature of 

the product. A decrease in the rate of moisture removal is observed at the end of 

constant drying as it is correlated to the rate of moisture migration within the sample. 

As the drying continues, the falling drying rate period is observed, where the drying 

rate and temperature decrease slowly until it approaches equilibrium moisture 

content. At this point, moisture diffuses from the sample to its surface, then followed 

by moisture removal from the surface to the air surrounding. The falling drying rate 

period is dependent on the rate of diffusion of moisture. As the drying rate decreases 

at the end of the falling rate drying period, progressive decrease in microwave 

absorption is observed as agreed by Constant et al. (1996). Hence it can concludes 

that power absorption is largely dependent on the moisture content. 
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Figure 4.8: Temperature of (a)kernel, (b)mesocarp and (c)EFB subject to various 

microwave power levels 
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(a1) (a2) 

 

 

(b1) (b2) 

 

 

(c1) (c2) 

Figure 4.9: (1) Moisture content and (2) drying rate of (a)kernel, (b)mesocarp and 

(c)EFB subject to various microwave power levels 
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Table 4.5 presents the total moisture loss and the drying time needed for the 

kernel, mesocarp and EFB to achieve equilibrium moisture content at various 

microwave powers. It is observed from Table 4.5 that a longer drying time is 

required at a lower microwave power level. The microwave treatment of the kernel at 

300 W requires 7 mins of heating to achieve its equilibrium moisture content, 

whereas the equilibrium moisture content can be achieved after 13.5 and 10 mins at 

microwave power of 180 W and 100 W, respectively. For the mesocarp heated at 300 

W, 8 mins is needed to achieve its equilibrium moisture content, whereas the 

equilibrium moisture content can only be attained after 14 and 15 mins when subject 

to 180 W and 100 W, respectively.  

On the other hand, 6, 10 and 18 mins of microwave treatment are needed for an 

EFB to reach its equilibrium at 300 W, 180 W and 100 W, respectively. These 

emphasize a reduction in drying time with the increase of the applied microwave 

power level. The greater heating effect is provided by the higher power density to 

overcome the intermolecular attraction of the bound water, as a result, the bound 

water evaporates. 

Table 4.5: Total moisture loss and drying time required to dry oil palm mesocarp, 

kernel and EFB to reach equilibrium. 

Microwave 

power level, 

P  (W) 

Kernel Mesocarp EFB 

Heating 

time, t  

(min) 

Total 

moisture 

loss, % 

(kg/kg d.b.) 

Heating 

time, t  

(min) 

Total 

moisture 

loss, % 

(kg/kg d.b.) 

Heating 

time, t  

(min) 

Total 

moisture 

loss, % 

(kg/kg d.b.) 

300 7 25.6 8 20.8 6 485.49 

180 13.5 20.3 14 17.5 10 472.2 

100 10 9.5 15 14.5 18 450.7 

 

A rapid mass transfer is occurred at a higher microwave power level. For 

instance, the moisture content of kernel, mesocarp and EFB are reduced to 27.1 %, 

23 % and 350 % respectively after 2 mins of microwave treatment at 100 W. On the 

other hand, the moisture content of the kernel, mesocarp and EFB at 300 W are 

reduced to be around 13.9 %, 16 %, and 140 % respectively.  

However, moisture content reduction was reported to cause fruit hardening. 

Therefore, quantitative relationship between the moisture content and the mechanical 
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strength of kernel, mesocarp and EFB is essential to estimate the energy requirement 

in the milling process and hence it is analysed in Section 4.3.1. 

Similarly after 2 mins of heating, the temperature of microwave-treated kernel, 

mesocarp and EFB at 300 W is increased to 75, 84 and 94 °C respectively from room 

temperature and the temperature is 87.5 %, 78 % and 23.7 % higher than when the 

treated samples are heated at 100 W. As reported by Izli and Isik (2015), high 

microwave exposure resulted damage at the materials’ microstructure which in turn 

affected the quality of fruits. Hence, it is crucial to investigate the microwave drying 

effects on the microstructure of kernel, mesocarp and EFB to ensure minimal 

damages. This aspect will be further discussed in Section 4.3.2. Theoretically, 

heating or drying at a high microwave power level may result in intensive 

evaporation of water which leads to external structure destruction of the sample. 

Cheng et al. (2011) observed that cracking and burning effect occurred on 

microwave heated kernel and mesocarp when 800W was subjected. Figure 4.10-4.12 

show the physical appearances of fresh and microwave-treated kernels, mesocarp and 

EFB. It is noticed that the burning effect starts when kernel is subjected to 180 W 

(Figure 4.10(c)) and 300 W (Figure 4.10(d)). From Figure 4.10(c), the burning of the 

kernel occurs at the center of the kernel whereby it is completely burnt at the end of 

the drying period after being subjected to 300 W (Figure 4.10(d)). As pointed out by 

Chow and Ma (2007), the burnt occurred in kernels were undesirable as it affected 

the quality and color of the kernel oil. However, the kernel which is microwave-

treated at 180 W for 2 mins (Figure 4.10(e)) shows no major changes on the physical 

appearance. Therefore, kernel, mesocarp and EFB samples subjected to microwave 

irradiation for 2 mins are chosen for SEM analysis which is presented in Section 

4.3.2. 

The appearances of the fresh and microwave-treated mesocarp and EFB 

samples are shown in Figure 4.11 and Figure 4.12 respectively. The mesocarp and 

EFB are hardened after microwave heating and drying. However, minimal changes in 

terms of appearance and size are observed on the surfaces of the microwave treated 

mesocarp (Figure 4.11(b)-(e)) and EFB (Figure 4.12(b)-(e)). Nevertheless, the size 

reduction is observed on the microwave-treated EFBs (Figure 4.12(b)-(d)). With 

regard to the mesocarp (Figure 4.11(e)) and EFB (Figure 4.12(e)) subject to 

microwave heating at 180 W for 2 mins, the samples show no dissimilarity compare 

to the fresh samples. 
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(d) (e)  

Figure 4.10: Physical appearance of microwave treated oil palm kernel (a) before and 

after exposure to (b)100 W, (c)180 W, (d)300 W and (e)2 mins at 180 W. 

 

 

Figure 4.11: Physical appearance of microwave treated oil palm mesocarp (a) before 

and after exposure to (b)100 W, (c)180 W, (d)300 W and (e)2 mins at 180 W. 
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(d) (e)  

Figure 4.12: Physical appearance of microwave treated oil palm EFB (a) before and 

after exposure to (b)100 W, (c)180 W, (d)300 W and (e)2 mins at 180 W. 

 

4.3 The effects of microwave heating and drying 

4.3.1 Mechanical behaviour characterization 

The empirical correlations between the moisture content and the mechanical 

strength of the dried kernel, mesocarp and EFB are essential to oil palm industry to 

optimize the energy requirement for fruits detachment, as well as palm oil extraction. 

In the fruit detachment and oil extraction processes, lower elastic modulus and yield 

stress of the EFB and palm fruits are desired as lower energy is required to detach the 

fruits from the bunches and to extract the oil from the fruits.  

Figure 4.13(a), 4.14(a) and 4.15(a) show the elastic modulus of the kernel, 

mesocarp and EFB at various moisture contents respectively. The elastic modulus 

decreases when the moisture content of kernel, mesocarp and EFB increased. The 

observation is consistent with the findings reported by Krokida and Maroulis (1999) 

that the microwave drying increased the elasticity of biological products due to 

decrease in moisture content. The highest elastic moduli obtained for the kernel, 

mesocarp and EFB are 24.62 MPa at 5 % d.b., 1.21 MPa at 0 % d.b. and 0.86 MPa at 

50 % d.b. respectively. The lowest elastic modulus is found to be 4.9 MPa at 24.7 % 

d.b., 0.22 MPa at 23.2 % d.b. and 0.22 MPa at 420 % d.b. for kernel, mesocarp and 

2.45cm 
2.4cm 2.3cm 

2.3cm 2.45cm 
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EFB respectively. Figure 4.13(b), 4.14(b) and 4.15(b) show the yield stresses of the 

kernel, mesocarp and EFB at various moisture contents. The yield stress reduces with 

the increases of sample’s moisture content. The lowest yield strength for kernel, 

mesocarp and EFB are found to be 0.22 MPa at 24.7 % d.b., 0.02 MPa at 24.9 % d.b. 

and 0.015 MPa at 420 % d.b. respectively, whereas the highest value is obtained to 

be 0.88 MPa at 5 % d.b., 0.105 MPa at 0 % d.b. and 0.105 MPa at 50 % d.b. 

respectively. 

 

Figure 4.13: (a) Elastic modulus and (b) Yield stress of kernel at different moisture 

content levels dried at 180 W 
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Figure 4.14: (a) Elastic modulus and (b) Yield stress of mesocarp at different 

moisture content levels dried at 180 W 
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Figure 4.15: (a) Elastic modulus and (b) Yield stress of EFB at different moisture 

content levels dried at 180 W 

 

The increased mechanical strength was also investigated on  oil palm trunk 

(Sulaiman et al., 2012)  and EFB composites (Ali, 2008). Contreras et al. (2008) 

stated that drying process promoted the mechanical rigidity and resistance to fracture 

and deformation of the dried samples. In addition, in order to facilitate a lower 

energy requirement of the stripping, pressing and extraction processes, a lower 

mechanical properties of the EFB and mesocarp is desired. In this analysis, the low 
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mechanical properties of the kernel, mesocarp and EFB can be obtained at a higher 

moisture content. 

The microwave drying process is capable of drying the fruits to the desired 

moisture content, however, the mechanical strength experiments show that the 

microwave drying process increases the elastic modulus and yield stress of the kernel 

and mesocarp. Thus, a higher mechanical energy is required to extract the oil from 

the dried kernel and mesocarp and to detach the fruits from the dried EFB. 

The correlations of the elastic modulus and the yield stress with the moisture 

content of kernel, mesocarp and EFB are fitted with second-order polynomial 

regression model. The regression equations with their coefficient of determination 

( 2R ) are shown in Table 4.6. The equations are beneficial for designing the capacity 

of the oil extraction and the thresher equipment and also for further investigation on 

the mechanical-related behaviors such as dimensional stability and shrinkage studies. 

 

Table 4.6: Regression equations relating the mechanical strength to the moisture 

content in the kernel, mesocarp and EFB. 

Sample Regression equations 2R  Equation number 

Kernel 

20.047 2.1763 31.779  mE MC MC  0.920 (4.7) 

20.0007 0.0566 1.1847  yσ MC MC  0.928 (4.8) 

Mesocarp 

20.0004 0.0414 1.0153  mE MC MC  0.813 (4.9) 

20.0002 0.00323 0.0926  yσ MC MC  0.868 (4.10) 

EFB 

20.000002 0.0003 0.8289   mE MC MC  0.802 (4.11) 

7 22 10 0.0001 0.0991yσ MC MC      0.810 (4.12) 
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4.3.2 SEM analysis 

Figure 4.16 shows the surface structure of the fresh and treated oil palm kernels 

investigated at magnifications of 500x and 1500x. It has clearly shown that oil glands 

and cell structures are presence on the surface of the kernel which is also observed by 

Zaidul et al. (2007). On the other hand, the morphology of the mesocarp pulp as 

shown in Figure 4.17 shows a wrinkled shaped texture which is also observed Ho et 

al. (2014) and Shinoj et al. (2011). The surface of the treated kernel and mesocarp 

are found deposited with oil, as a result of microwave treatment. There is no 

significant critical change in the oil gland and cell structure of the treated kernels 

under 1500x magnificent (Figure 4.16(b), 4.16(c) and 4.16(d)) as compared to the 

fresh kernel (Figure 4.16(a)). However, under 500x magnification, shrinkage due to 

the moisture loss are observed on the surface of the treated kernels (Figure 4.16(b), 

4.16(c) and 4.16(d)) and mesocarp (Figure 4.17(b), 4.17(c) and 4.17(d)). The 

shrinkage has increased the width of cell structure of the kernel and the mesocarp as 

listed in Table 4.7 and Table 4.8 respectively. The cell structures are larger and 

further apart when the kernel and the mesocarp are subjected to microwave heating 

and drying at 200 W than those treated at 100 W. The width of the cell structure of 

the fresh kernel has increased from 0.145 mm to 0.263 mm and 0.388 mm after 

microwave pre-treatment at 100 W and 200 W respectively. On the other hand, the 

width of the cell structure of the fresh mesocarp has increased from 0.128 mm to 

0.143 mm and 0.1698 mm after microwave exposure at 100 W and 200 W 

respectively. 
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(a) 

  
x500 x1500 

  

(b) 

  
x500 x1500 

  

(c) 

 
x500 x1500 

Figure 4.16: SEM micrographs at 500x and 1500x magnifications of (a) fresh and 

microwave treated kernel at powers of (b) 100 W and (c) 200 W under 500x  and 

1500x magnifications. 
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(a) (b) 

 
500x 500x 

 

(c) 

 
500x 

Figure 4.17: SEM micrographs of (a) fresh mesocarp and that subjected to (b) 100 W 

and (c) 200 W under 500x magnification. 

 

Table 4.7: Width of the cell structure of the fresh and microwave treated kernel. 

Sample Width of cell structure, 
cellw  (mm) 

Fresh kernel 0.145 + 0.001 

Treated kernel at 100 W for 2 mins 0.263 + 0.001 

Treated kernel at 200 W for 2 mins 0.388 + 0.001 

 

 

Cell structure 
Cell structure 

Cell structure 

Mesocarp 200W 

Fresh mesocarp 
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Table 4.8: Width of the cell structure of the fresh and microwave treated mesocarp. 

 

Figure 4.18 shows the surface structures of the fresh and microwave-treated 

EFB of under magnifications of 1000x and 5000x. The fresh EFB has a similar 

surface structure as observed by other researchers (Norul Izani et al., 2013, Nasri et 

al., 2013, Law et al., 2007, Baharuddin et al., 2013, Shinoj et al., 2011). In the 

micrographs, pores that are round in shape are found on the fiber strand. The 

presence of pores on the fresh and treated EFB indicates that it is a fibrous material, 

as reported by Sabil et al. (2013). 

From the micrograph, it is shown that the round-shaped granular starch remains 

deposited after the microwave treatment, but the size of granular starch is reduced 

after the treatment (Table 4.9). The size of granular starch is reduced from 0.115 mm 

to 0.009 mm and 0.006 mm after treated at 100 W and 200 W respectively. A smaller 

size of the granular starch is desirable as it could facilitate the removal of starch. The 

removal of starch could then increase the surface area of the fiber for biomass 

treatment  (Zheng et al., 2009, Law et al., 2007). In the current sterilization process, 

starchs which present in fruit and EFB are removed through hydrolysis, where it has 

to be broken down by supplying wet steam (Pradeepkumar et al., 2008). Hence, it is 

believed that microwave treatment could be used to replace the conventional steam 

sterilization which produces undesired POME. 

The fresh EFB has a rough surface with a great number of spiky and round-

shaped globular protrusions at the fiber strands. Previous studies identified the 

globular protrusions as silica bodies (Law et al., 2007). The attached silica bodies in 

the circular crater are distributed uniformly along the surface of the strand. Silica 

bodies are observed to remain attach to the surface after the microwave treatment. 

Silica bodies are undesirable in industrial processes as the silica bodies are inert to 

most chemicals. In addition, the silica bodies are hard and could only be removed by 

Sample Width of cell structure,
cellw  (mm) 

Fresh mesocarp 0.128 + 0.001 

Treated mesocarp at 100 W for 2 mins 0.143 + 0.001 

Treated mesocarp at 200 W for 2 mins 0.169 + 0.001 
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alkali treatment or by mechanically or at high temperature (Law et al., 2007). Figure 

4.18(c) showed that a small portion of the silica bodies of EFB treated at 200 W is 

disrupted. Table 4.9 shows the diameters of the silica body and the circular crater 

before and after the microwave drying process. The drying process has increased the 

diameter of the circular crater from 0.112 mm to 0.134 mm and 0.171 mm after 

being exposed to microwave treatment for two minutes. Increase in the diameter of 

the circular crater could facilitates the removal of silica bodies from the crater and 

hence resulted in a better fiber-matrix interfacial adhesion of the EFB for further 

composite fabrication. Figure 4.18(b) and 4.18(c) suggested that microwave 

treatment has the potential to remove and disrupt the silica bodies. In spite of the 

reduction of the circular crater, the diameter of the silica body remains constant after 

being exposed to microwave treatment. 

 

Table 4.9: Diameter of the silica bodies, circular crater and granular starch in fresh 

and microwave treated EFB 

 

 

Sample Diameter of 

circular crater, 

caterd  (mm) 

Diameter of the 

silica body in the 

circular crater, 

silicad  (mm) 

Diameter of 

granular 

starch, 
starchd  

(mm) 

Fresh EFB 0.112 + 0.001 0.088 + 0.001 0.115 + 0.001 

Treated EFB at 100 W 

for 2 mins 

0.134 + 0.001 0.087 + 0.001 0.009 + 0.001 

Treated EFB at 200 W 

for 2 mins 

0.171 + 0.001 0.089 + 0.001 0.006 + 0.001 



67 

 

(a) 

 
1000x 5000x 

  

(b) 
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(c) 
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Figure 4.18: SEM micrographs at x1000 and x5000 magnifications of (a) fresh, 

microwave treated EFB at power level of (b) 100 W and (c) 200 W under 1000x and 

5000x magnifications. 
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From this study, SEM micrographs confirm that visible changes have been 

found on the surface of EFB after the microwave drying process but there was no 

significant effect on the kernel and mesocarp. In comparison to the fresh samples, 

insignificant change of the physical structure of the dried kernel and mesocarp has 

ensured the minimal deterioration (Kong and Singh, 2011). The oil glands deposit on 

the surface of treated kernels and mesocarps are not influenced by the microwave 

treatment. However, the microwave treatment on EFB has reduced the size of 

granular starch, increase the crater size which surrounded the silica bodies and 

disrupted the silica bodies, and these are beneficial for the further EFB biomass 

treatment. Effects of microwave power on the drying process are investigated on the 

EFB, mesocarp and kernel. 

 

4.4 Summary 

The microwave heating and drying experiments are carried out and the 

experimental results such as temperature profiles and drying curves of the kernel, 

mesocarp and EFB at 100 W, 180 W and 300 W are obtained. The experimental 

works quantify the moisture content and the TGA confirms thermal degradation and 

mass losses of kernel, mesocarp and EFB at various stages. The experiment shows 

that only moisture evaporation occurs during microwave treatment because of the 

temperature of samples are below the decomposition temperature as identified in 

thermogravimetric analysis. The removal of moisture content leads to the internal 

burning and volume change of the kernel, the mesocarp and the EFB, which might 

alter its surface structure and degrade its quality. However, the microstructure 

analysis has verified that insignificant disruption has occurred on the surface of the 

treated mesocarp, kernel and EFB. Furthermore, the characterization such as thermal 

conductivity and permittivity of the kernel, mesocarp and EFB are experimentally 

determined for the use in the simulation studies in Chapter 6 and 7. 

  



69 

 

CHAPTER 5  

MODELING METHODOLOGY 

 

This chapter introduces the governing equations and modeling procedure for 

microwave heating and drying of fresh fruit bunches (FFB). The equations are to 

predict the electric field intensity, temperature and moisture distributions within the 

sample. The computational domain, mesh generation and the numerical procedures 

of the simulation will be presented in this chapter as well.  

 

5.1 Introduction 

The electromagnetic equations for a general computational domain cannot be 

solved by analytical methods. Therefore, the equations have to be solved using 

numerical methods. In this study, COMSOL, based on finite element method is used 

to develop a coupled electromagnetics and heat-mass transfer model. The specific 

objectives of this study are to: 

i. Develop a coupled electromagnetic and heat-mass transfer model for the 

microwave heating for the individual kernel, mesocarp and EFB. 

ii. Validate the developed model with experimental data. 

iii. Develop a microwave heating model of FFB (consists of kernel, mesocarp 

and EFB) 

 

5.2 Assumptions and limitations 

Several assumptions have been made in developing the current mathematical 

model. These assumptions are follows: 

i. The frequency of microwave used in this study is 2.45 GHz. 

ii. Airflow inside the oven cavity is not modelled. 

iii. Air temperature in the oven cavity is not influenced by the microwave 

heating. Therefore, the air temperature in the oven cavity remains constant. 

iv. Evaporation only occurs on the surface of the heated samples. 

v. The heat and mass transfer coefficients at the surface are constant. 
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vi. The temperature and moisture content are initially uniform throughout the 

samples. 

vii. Only liquid water in the samples is considered in the model. 

viii. Diffusion is purely due to concentration gradient and no interaction with 

other compounds. 

ix. The kernel, mesocarp and EFB are assumed to be isotropic in composition. 

x. The heating of samples is not affected by the magnetic field strength, i.e. the 

samples are not magnetic materials. 

xi. Shrinkage of the heated kernel, mesocarp and EFB are ignored. 

 

5.3 Computational domain 

The geometry of the model was based on the modified domestic microwave 

oven (ME711K, Samsung). The computational domain is shown in Figure 5.1. The 

domain includes the cavity (30.8 cm width x 29 cm depth x 18.5 cm height), a 

rectangular waveguide (10 cm width x 5.7 cm height x 10 cm depth), a conical flask 

in the middle of the cavity and the sample. The microwave feed port was located at 

the right wall of the cavity and the sample was positioned in the middle of conical 

flask. The microwave heating of an ellipsoid-shaped kernel, a rectangular-shaped 

mesocarp and a cube-shaped EFB were simulated in this study.  Two temperature 

points (as shown in Figure 5.2) and the average moisture content were used to 

compare the simulation results with the experimental data.  

Two cross-sectional planes in the x-y (Figure 5.3) and the x-z (Figure 5.4) 

directions were used to study the simulation results. Both the planes were set at the 

center of the samples. As shown in Figure 5.3, the horizontal planes in x–y direction 

for the kernel, mesocarp and EFB were at z=0.0062 m (denoted as x–y plane 1), 

z=0.001775 m (denoted as x–y plane 2) and z=0.0049 m (denoted as x–y plane 3) 

respectively. Figure 5.4 shows the vertical planes in the x-z direction at y=0.145m 

for the kernel, mesocarp and EFB. 
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Figure 5.1: Computational domain of model 
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(a) 

 

(b)  

 

 

(c) 

Figure 5.2: Temperature points of (a) kernel, (b) mesocarp and (c) EFB measured in 

simulation 
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(a) x-y plane 1 

 
 

(b) x-y plane 2 

  

(c) x-y plane 3 

Figure 5.3: Cut plane 1 of the kernel, mesocarp and EFB models. The horizontal 

plane is set at the center of the samples; the plane taken for (a) kernel at z=0.0062 m 

(x–y plane 1), (b) mesocarp at z=0.001775 m (x–y plane 2) and (c) EFB at z=0.0049 

m (x–y plane 3) from the conical flask surface. 
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(a) 

 
 

(b) 

 

 

(c) 

Figure 5.4: Cut plane 2 of the kernel, mesocarp and EFB models. The vertical plane 

is set at the center of the samples; the plane taken for (a) the kernel, (b) the mesocarp 

and (c)the EFB at y=0.145 m (x-z plane). 
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5.4 Governing equations  

5.4.1 Electromagnetics field 

The electromagnetic field distribution inside the microwave oven was 

governed by Maxwell equations as given in equations (2.1) to (2.4). The derived 

governing wave equation (Kumar et al., 2014) from the Maxwell’s equation for a 

rectangular waveguide in frequency domain can be written as: 

  
2

0r

oc


   E E   (5.1) 

where     is angular wave frequency ( 2 f , rad/s) and 
oc  is the speed of light in free 

space (3×10
8
 m/s). In this study, the domestic oven microwave frequency is used, i.e. 

f = 2.45 GHz.  

When the oil palm kernel, mesocarp and EFB were exposed to microwave in 

an oven, their interaction with electromagnetic wave results in the volumetric heat 

generation. The heat generation, 
MWQ , was generated when electromagnetic wave 

travel through a lossy dielectric material. This is given as (Salvi et al., 2011):  

 
2''

MW o rQ f   E   (5.2) 

The microwave power absorbed in a solid is proportional to the square of the 

electric field strength, E .  

 

5.4.2 Conservation of moisture content 

Moisture diffusion was the main mass transfer mechanism in a solid from the 

inner body of a sample to the surface and followed by convective and evaporative 

moisture transfers to the air. The change in species concentration with time was 

determined by diffusion due to concentration gradient (Fick’s diffusional model) and 

the evaporation reaction due to the non-equilibrium condition between liquid water 

and water vapor (Gottschalk et al., 2007). Evaporation was assumed to take place on 

the surface of the material. This lowers the solid’s surface temperature (Metaxas and 

Meredith, 1983). A temperature gradient was formed due to the temperature 

difference between the surface and interior temperature. 
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The conservation of moisture concentration, c  in the samples is given as 

(Malafronte et al., 2012): 

  eff

c
D c

t


 


  (5.3) 

where effD  is the diffusion coefficient. The moisture concentration, c  (mol/m
3
) is 

related to the moisture content, MC, by: 

 2H OcM
MC


   (5.4) 

where 
2H OM  is the molecular weight of water vapor (18.02, g/mol) and  is the 

density of the sample (kg/m
3
). 

5.4.3 Conservation of energy 

The heat transfer model included the internal heat generation by microwave, 

conduction heat transfer in a solid and convection heat transfer from the surface of 

the sample to the air as well as the evaporative cooling. 

The energy balance is given by Fourier’s energy balance equation (Malafronte 

et al., 2012) as follows: 

  p MW

T
C k T Q

t



  


  (5.5) 

where pC  and k  are the specific heat capacity (J/(kg·K)) and thermal conductivity 

(W/(m·K) of the sample.  

 

5.4.4 Initial and boundary conditions 

Uniform initial conditions were considered in the sample and oven cavity. The 

initial conditions of the electric field, sample temperature and moisture content of the 

kernel, mesocarp and EFB are 0 V/m, 30 °C and the initial moisture content were 

obtained experimentally as shown in Table 5.1. 
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Table 5.1: Initial moisture content of kernel, mesocarp and EFB. 

Sample Initial moisture content, 
oMC  (% kg/kg d.b.) 

Kernel 25.9 

Mesocarp 28.2 

EFB 485.49 

 

5.4.4.1 Electromagnetic field 

The inlet port was prescribed by the magnitude of microwave power. In this 

study, cyclic heating was employed. The microwave heating period is 30 s but the 

'ON' and 'OFF' durations vary which are depending on the prescribed input power of 

the modified microwave oven used. The boundary condition for each power level 

was summarized as follows: 

  
100 W 10s

0 W 10 30s

t
P t

t


 

 
  (5.6) 

  
180 W 12s

0 W 12 30s

t
P t

t


 

 
  (5.7) 

  
300 W 13s

0 W 13 30s

t
P t

t


 

 
  (5.8) 

The heating occurs every 30s, i.e.    30P t s P t  . 

The impedance boundary condition was used to describe the resistive metal 

heat losses from the metallic waveguide and cavity walls, which was  

    
1

- 0ojk

 
    n E n n E   (5.9) 

where 
o o ok    , 

o  is the permeability of free spaces (1.257×10
-6 

H/m) and 

/   . This boundary condition was used at the waveguide and cavity walls 

where the electric field penetrates only a short distance outside the boundary. 
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5.4.4.2 Conservation of moisture concentration 

The surface of a sample was subjected to the convective mass transfer and 

evaporation, where the following boundary condition was applied: 

      evap e m eD c c c c h c c      n   (5.10) 

where 
mh  is the mass transfer coefficient (m/s) and the first term of the right-hand 

side of the equation (5.10) is the moisture evaporation,  exp /evap ac AT E RT   . A  

and 
aE  are frequency factor (1/s) and activation energy (J/mol) of the sample’s 

evaporation process, R  is the universal gas constant (8.314 J/(K·mol)) and 
ec  is the 

equilibrium moisture concentration. According to Peters et al. (2002) and Caccavale 

et al. (2016), evaporation is considered as a heterogeneous reaction which the rate 

constants include effects of pure diffusion and heat-mass transfer. Hence, the 

evaporation can be explained and represented by Arrhenius equation. Equilibrium 

moisture content was obtained from the experimental data when the sample reaches 

equilibrium that no further weight or moisture lost after further drying through 

microwave irradiation.  

The convective mass transfer coefficient was obtained from Equation (5.12) 

(Malafronte et al., 2012): 

Nu air
t

×k
h =

L
                                                (5.11) 

Sh air
m

× D
h =

L
                                               (5.12) 

where Nu , Sh , 
airk , 

airD and L  are Nusselt number, Sherwood number, thermal 

conductivity of air, diffusivity of air (m
2
/s) and characteristic length of sample (m) 

respectively. Thermal conductivity and diffusivity of air based on room temperature 

were 0.02624 W/m·K and 2.19×10
-5 

m
2
/s repectively. The characteristic length is 

also defined as the longest length of sample. The Nusselt number and Sherwood 

number are obtained through the following equations: 

0.53 1/3Nu 2 0.552Re Pr                                     (5.13) 

0.53 1/3Sh 2 0.552Re Sc                                      (5.14) 
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where Prandlt number, Pr , and Schmidt number, Sc , are based on room temperature 

are 0.713 and 0.61, respectively. By solving the equations, the estimated mass 

transfer coefficient of kernel, mesocarp and EFB is listed in Table 5.2. 

 

Table 5.2: Mass transfer coefficient of the kernel, mesocarp and EFB. 

Sample Mass transfer coefficient, 
mh  (m/s) 

Kernel 4.24×10
-3

 

Mesocarp 4.06×10
-3

 

EFB 2.38×10
-2

 

 

An Arrhenius type relationship was used to model the effective moisture 

diffusivity, 
effD , of the kernel, mesocarp and EFB (Gómez-de la Cruz et al., 2015): 

  0 expeff dD D E RT    (5.15) 

where 
oD  is the pre-exponential factor (m

2
/s) and 

dE   is the activation energy for 

moisture diffusivity (J/mol). In this model, effective moisture diffusivity was 

dependent on the temperature, where moisture diffusivity increased with an increase 

of sample’s temperature. 

No flux boundary condition was applied between the contact point of the 

sample’s surface and conical flask: 

   0D c  n   (5.16) 

 

5.4.4.3 Conservation of energy 

In this study, heat loss occurred at the surface of sample when the heat 

exchanged with surrounding air by convection and radiation. Thus, 

  t S rad evapk T h T T Q Q      n   (5.17) 

 



80 

 

where surface convective heat transfer coefficient, 
th  was assumed to be 5W/(m

2
·K) 

for kernel and mesocarp which was often used for natural convective heat transfer in 

a typical microwave oven (Verboven et al., 2003). On the other hand, the convective 

heat transfer coefficient of EFB was assumed to be 30 W/(m
2
·K) which was used for 

fibrous biological material (Zhang and Datta, 2004, Yang and Gunasekaran, 2004, 

Rakesh et al., 2011, Kumar et al., 2014). 

 

The heat loss due to radiation, 
radQ , was given by: 

  4 4

rad T T SQ T T     (5.18) 

where 
T  is the emissivity of the samples which is assumed to be 0.8 in the 

simulation. 
T  is the Stefan-Boltzmann constant (5.67×10

-8
 W m/K

4
) and 

sT  is the 

ambient and sample temperatures. 

On the other hand, the evaporative moisture cooling, evapQ , was given by: 

 evap evap evapQ c H   (5.19) 

where evapH is the enthalpy of evaporation which is represented by: 

 
20.0469 13.493 52202evapH T T      (5.20) 
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5.5 Input parameters 

The input parameters for the current study are summarized in Table 5.3.  

Table 5.3: Properties of oil palm kernel, mesocarp and EFB  

Parameter 
Value 

Kernel Mesocarp EFB 

Dielectric constant, 

'
r  

0.1621 MC +2.692 

(refer to section 

4.1.1) 

0.0776 MC +3.473 

(refer to section 

4.1.1) 

0.0452 MC +1.815 

(refer to section 

4.1.1) 

Dielectric loss 

factor, 
''
r  

0.0502 MC +0.241 

(refer to section 

4.1.1) 

0.0358 MC +0.526 

(refer to section 

4.1.1) 

0.0211 MC +1.4722 

(refer to section 

4.1.1) 

Specific heat 

capacity, pC  (J/kg 

K) 

4227 

(Ismail et al., 2009) 

2816 

(Hadi et al., 2015) 

2832.46 

(Nyakuma et al., 

2014) 

Density,   (kg/m
3
) 

1125 

(Raji and Favier, 

2004) 

995 

(Owolarafe et al., 

2007) 

800 

(Ibrahim et al., 

2014) 

Pre-exponential 

factor, 
oD  (m

2
/s) 

3×10
-3  

(Estimated) 

1×10
-3  

(Estimated) 

5×10
-3  

(Estimated) 

Thermal 

conductivity, k  

(W/m K) 

0.68 

(Koya and Fono-

Tamo, 2013) 

0.458  

(refer to section 

4.1.3) 

0.028  

(refer to section 

4.1.3) 

Activation energy of 

sample’s evaporation 

process, 
aE  (J/mol) 

34000  

(Estimated) 

43000  

(Estimated) 

41000  

(Estimated) 

Activation energy of 

sample’s  moisture 

diffusivity, 
dE  

(J/mol) 

34000  

(Estimated) 

36000  

(Estimated) 

39000  

(Estimated) 

Frequency factor, A  

(1/s) 

0.0013  

(Estimated) 

0.005  

(Estimated) 

0.0023  

(Estimated) 
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5.6 Numerical procedures 

The computational domain (Figure 5.1) along with the governing equations 

was solved using finite element software COMSOL Multiphysics® 5.2 (COMSOL, 

Burlington, MA).  The steps involve in the modeling are outlined in Figure 5.5.  

Figure 5.5 shows the flow chart of the simulation. The model consists of two 

steps. Maxwell equations were solved using direct solver in frequency domain while 

the energy and mass balance equations were solved in a segregated way in the time 

domain.  

Refer to Section 4.1.2, dielectric properties changed with the moisture content 

of the sample. As moisture was lost from the sample during a drying process, the 

dielectric properties of the sample changed. This led to the changes of the source 

term in the heat transfer equation. Furthermore, the sample's temperature changed the 

drying reaction rate and the enthalpy of evaporation, which affected the temperature 

and moisture content estimation in the samples. Therefore, the estimations of 

temperature distribution and moisture content in the sample require simultaneously 

solving the electromagnetic, heat transfer and mass transfer equations. Thus, the 

values of temperature-dependent and moisture-dependent properties were updated 

using the local temperature and moisture content at the beginning of each time step. 

The simulation ended when a complete heating time was reached.  

In order to obtain a precise result from the model, a sufficient number of 

iterations have to be allowed. In this study, the modules were solved using multi-

frontal massively parallel sparse direct solver (MUMPS) direct solver, which is 

suitable for both symmetric and unsymmetric matrices (Amestro and Du, 2000). A 

sampling time step was set to be 1s throughout a complete microwave heating 

process. The segregated method necessities an output solution with a tolerance limit 

of 0.001.  

The simulation was performed on a Dell Precision T1700 workstation with a 

32GB DDR3 RAM running on quad-core Intel Xeon i7-4790 3.60 GHz processor. 

The model consisted of 305,810 free tetrahedral mesh elements. 
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Figure 5.5: Flow chart of simulation steps  
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5.7 Mesh generation 

The accuracy of a simulation increases with smaller mesh sizes. However, this 

results in large number of elements and a longer computational time. The purpose of 

this mesh independence study is to obtain an optimum mesh size with an optimum 

accuracy in the simulation studies. Five element sizes which were categorized as 

“coarser”, “coarse”, “normal”, “fine” and “finer” were used in this study. Table 5.4 

shows the element sizes and total element numbers of the kernel, mesocarp and EFB 

by using the different mesh options. 

Table 5.4: Element size and total element numbers of the kernel, mesocarp and EFB 

case studies for various mesh options. 

Mesh option Maximum  

Element size (m) 

Total elements 

Kernel Mesocarp EFB 

Coarser 0.0775 15634 9196 18370 

Coarse 0.0612 19090 11651 20543 

Normal 0.0408 26997 16796 25742 

Fine 0.0326 35741 24468 43909 

Finer 0.0224 59271 47793 69584 

 

Figure 5.6 shows the average temperatures and moisture contents of the 

kernel, mesocarp and EFB at 600 s for different element sizes. The solutions did not 

vary significantly for element size larger than 0.0326 m thus, “fine” mesh option 

with a maximum element size of 0.0326 m is selected for the case studies. In order to 

get an accurate result, the maximum element size of the kernel, mesocarp and EFB 

samples was further refined to 1/4
th

. 

The total number of tetrahedral elements used for the kernel, mesocarp and 

EFB case studies were 233446, 51558 and 147353 elements, respectively while the 

microwave cavity had total tetrahedral elements of 41226. 
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(a) 

 
(b) 

 
(c) 

Figure 5.6: Temperature and moisture content of (a) kernel, (b)mesocarp and 

(c)EFB at t=600 s, with a total number of elements in the model. 
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5.8 Summary 

This chapter describes a multiphysics model of microwave heating of kernel, 

mesocarp and EFB. The model solves for Maxwell's electromagnetic wave 

distribution, energy and moisture content inside a sample is discussed. The solution 

methodology is presented and grid independence studies are also performed. The 

optimum mesh sizes and element numbers are recommended. 

  



87 

 

CHAPTER 6  

SIMULATION RESULTS 

 

The previous chapter described the modeling methodology for the microwave 

heating of individual kernel, mesocarp and EFB. In this chapter, the simulation 

results are compared with the experimental temperature profiles and drying curves of 

the afore-mentioned samples. The validated models can be used to further understand 

the microwave heating process.   

 

6.1 Model validations 

Figure 6.1-6.6 show the comparisons between the experimental and simulation 

results of the heated kernel, mesocarp and EFB samples for microwave powers of 

100 W, 180 W and 300 W. The simulation results are compared with experimental 

obtained temperatures at P1 and P2, as well as the average moisture content, MC . 

The points, P1 and P2 are located at the side and the top of the sample. The Root 

Mean Square Error ( RMSE ) was used to compare the simulation and experimental 

results and is given by: 

  
2

1

1



 
n

sim exp

i

RMSE T T
n

 (6.1) 

where 
simT  and  

expT represent the simulated and experimental transient temperatures 

respectively, and n  is the sampling number taken during the microwave heating 

process. Similarly, the RMSE between the simulated and experimental moisture 

content were also calculated. A low RMSE  indicates a good fit between the 

generated simulated results and the experimental data.  
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Figure 6.1: Simulated and experimental temperature of kernel subject to microwave 

power of (a)100 W, (b)180 W and (c)300 W 
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Figure 6.2: Simulated and experimental temperature of mesocarp subject to 

microwave power of (a)100 W, (b)180 W and (c)300 W 
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Figure 6.3: Simulated and experimental temperature of EFB subject to 

microwave power of (a)100 W, (b)180 W and (c)300 W 
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Figure 6.4: Simulated and experimental moisture content of kernel subject to 

microwave power of (a)100 W, (b)180 W and (c)300 W 
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Figure 6.5: Simulated and experimental moisture content of mesocarp subject to 

microwave power of (a)100 W, (b)180 W and (c)300 W 
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Figure 6.6: Simulated and experimental moisture content of EFB subject to 

microwave power of (a)100 W, (b)180 W and (c)300 W 
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The RMSE  of the sample’s temperatures and averaged moisture contents are 

calculated and are listed in Table 6.1 and 6.2 respectively. The higher RMSE  values 

of the kernel at 300 W indicate the poorer kernel temperature correlation which is 

due to the overheating (burns) inside the kernels. Therefore, the change of the 

physical structure due to burns in the kernels does not accounted for in the current 

work. 

Table 6.1: Correlation analysis for the simulated and experimental results of samples’ 

temperatures. 

Power, P  RMSE  of temperature 

Kernel Mesocarp EFB 

P1 (°C) P2 (°C) P1 (°C) P2 (°C) P1 (°C) P2 (°C) 

100 7.0 6.5 7.9 5.9 5.2 5.3 

180 3.7 3.4 2.7 10.5 18.7 14.8 

300 22.3 30.5 3.2 4.0 11.5 13.4 

 

Table 6.2: Correlation analysis for the simulated and experimental results of samples’ 

averaged moisture content. 

Power, P  RMSE  of averaged moisture content (%, kg/kg d.b.) 

Kernel Mesocarp EFB 

100 1.17 2.28 21.7 

180 2.59 1.18 21.7 

300 7.07 3.86 15.9 

 

Figure 6.1-6.3 show the temperature of the kernel, mesocarp and EFB 

subjected to microwave powers of 100 W, 180 W and 300 W. Generally, the 

temperature of the samples increases rapidly until a steady state is reached. The 

steady state temperature of a sample varies with locations. For instance, location at 

top surface of the sample (P1) had the higher temperature compared to the location at 

side of the sample (P2). From the simulation results, the steady state temperatures of 

the top surfaces of the kernel, mesocarp and EFB at 100 W, 180 W and 300 W 

microwave power levels are shown in Table 6.3. The kernels attain steady state 
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temperatures at 23 mins at 79 °C, 14 mins at 81 °C and 8 mins at 92 °C when  

subjected to microwave powers of 100 W, 180 W and 300 W respectively. The 

steady state temperature of mesocarp are around 66 °C at 7.5 mins, 86 °C at 6 mins 

and 115 °C at 3 mins when subjected to microwave power levels of 100 W, 180 W 

and 300 W, respectively. As for the EFB, the steady state temperature are 95 °C at 8 

mins, 150 °C at 7 mins and 142 °C at 5 mins when subjected to microwave power 

levels of 100 W, 180 W and 300 W respectively. Generally, a higher microwave 

power results in a higher steady state temperature in the samples. Nevertheless, the 

high temperature is not recommended, particularly for kernels, which the 

temperature of the kernel is suggested to be kept below 100 °C to prevent the vitamin 

E of kernel oil from being destroyed (Chow and Ma, 2007). 

Among the samples, EFB achieved the highest steady state temperature 

followed by the mesocarp and the kernel. The varied steady state temperature values 

between the samples are affected by their thermal and physical properties such as 

specific heat capacity, thermal conductivity and density. A higher value of the 

thermal conductivity or a lower value of the specific heat capacity and the density 

can increase the steady state temperature of the samples. Moreover, this is also 

caused by the greater microwave absorption of the EFB compared to the cooling 

mechanisms such as convection, radiation and evaporation that lead to the greater 

increased temperature within the EFB samples. These mechanisms within the kernel, 

mesocarp and EFB will be discussed. 

 

Table 6.3: Steady state simulated temperature of the kernel, mesocarp and EFB 

subjected to 100 W, 180 W and 300 W microwave power levels. 

Microwave power, P  (W) Steady-state Temperature (°C) 

Kernel Mesocarp EFB 

Top Side Top Side Top Side 

100 79 76 66 64 95 82 

180 81 77 86 84 150 118 

300 92 88 115 108 142 124 
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Furthermore, the results show that lower applied microwave power could 

attain a lower temperature within the kernel, mesocarp and EFB samples, however, it 

limits the range of their moisture lost. Figure 6.4-6.6 show the moisture content of 

the kernel, mesocarp and EFB subjected to microwave powers of 100 W, 180 W and 

300 W. The 100 W power could only reduce the moisture content of the kernel, 

mesocarp and EFB to 16 % d.b., 8 % d.b. and 50 % d.b. respectively. The 180 W 

power dried the kernel, mesocarp and EFB to 7 % d.b., 9 % d.b. and 30 % d.b. 

respectively. However, 300 W power could almost fully dry the kernel, mesocarp 

and EFB samples. A higher sample temperature is desirable to increase the moisture 

diffusivity rate and to attain a higher moisture lost from the sample’s surface (Chen 

et al, 2016). However, EFBs with a higher moisture content are desirable due to their 

lower mechanical properties. This promotes the stripping of palm fruits from EFBs.  

Furthermore, in practice, kernels have to be  dried to 7 % d.b. to ensure its 

good quality before undergoing further processes such as kernel oil extraction and oil 

recovery (Ibrahim et al., 1997). Among the three applied microwave powers, only 

180 W and 300 W were able to reduce the moisture content of a kernel to below 7 % 

d.b.. The microwave irradiation takes approximately 13.5 mins to dry a kernel from 

28.2 % d.b. to 7 % d.b. at 180 W, and it took only 3 mins at 300 W. In a conventional 

milling process, drying process required more than 16 hours to lower the moisture 

content of kernel to the desired moisture content (Ibrahim et al., 1997). By adopting 

the microwave heating process, the moisture content of kernel has reduced to 7 % d.b. 

with the reduction of the process time by approximately 98.6-99.6% of the 

conventional drying process. Although a great reduction in process time was 

achieved, the impact on oil quality is crucial. The impact will again be discussed in 

section 8.6. 

Among the microwave power levels, 100 W could not reduce the kernel 

moisture content below 7 % d.b., while the 300 W had burnt the kernel and EFB 

samples during the experiments. Therefore, the following discussions and the case 

study presented in Chapter 7 is subject to microwave power level of 180 W.  
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6.2 Electric field distributions 

The kernel, mesocarp and EFB are not magnetic materials, thus, the heating 

of samples is not affected by strength of the magnetic field but by the electric field 

(Luan et al., 2016). Therefore, the electric field distributions and the heating patterns 

within the cavity and samples will be presented next. 

Figure 6.7 shows the simulated electric field distribution of the kernel, 

mesocarp and EFB inside the microwave cavity on the x-y plane, whereas Figure 6.8 

shows the distribution on the x-z plane. Arrows in the figures indicate the direction 

of the electric fields for the 2.45 GHz incident wave. In the figures, the electric field 

in the microwave cavity appeared to have resonated patterns of high and low electric 

field intensity in the microwave cavity. The highest and lowest intensity spots are 

represented as the wave crests and troughs. These crest and trough spots are caused 

by standing waves. The standing wave is formed due to the interference of 

electromagnetic waves in the microwave cavity.  

In Figure 6.7 and 6.8, the distances between the two wave crests or troughs in 

x-axis and y-axis are observed to be around 15 cm and 10 cm respectively. The 

distances vary from the microwave wavelength at 2.45 GHz (12.2 cm). As stated by 

Chen et al. (2006), the microwave propagation is different from that in free space.  

However, according to Hossan and Dutta (2012), the formation of the crests 

and troughs of the resonance is directly related to the wavelength of the 

electromagnetic wave. Figure 6.9 shows the electric field distributions in the 

microwave cavity viewed on x-y plane at the heights of 0.62 cm, 6.2 cm and 14.2 cm. 

It is observed that the crests and troughs of the standing wave are changed with 

height. Their locations are identical at heights of 0.62 cm and 14.2 cm, but turned out 

to be completely opposite at the height of 6.2 cm. Since the wavelength at a 

microwave frequency of 2.45 GHz is 12 cm, thus the standing waves of 0.62cm and 

14.2 cm at z-axis had the similar wave pattern. 
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(a)  

    
(b)  

   

(c)  

Figure 6.7: Distribution of electric field inside the microwave cavity with (a) kernel, 

(b) mesocarp and (c) EFB viewed on x-y plane.  
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Figure 6.8: Distribution of electric field inside the microwave cavity with (a) kernel,  

(b) mesocarp and (c) EFB viewed on x-z plane.  
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Figure 6.9: Standing waves in the microwave cavity at z1=6.2mm, z2=62mm and 

z3=142mm. 

It can be observed from the Figure 6.7 and 6.8 that the similar electric field 

distributions occurred in the cavity for the kernel, mesocarp and EFB. Different 

shape of samples affected the electromagnetic distribution in the cavity. However, 

the samples are very small compared to the cavity’s size, hence similar intensity and 

distribution of electric field inside the cavity are observed for these three cases. 

Therefore, this is agreed by Hong et al. (2016) who stated that the sample’s position 

did not significantly influenced the electric field distribution. However, changing the 

sample’s position and shape resulted in the variation of electric field distribution in 

the sample, which leads to different heating pattern in the sample. According to 

Curet et al. (2008), electric field distribution was required in order to predict the 

temperature distribution into the product. The authors showed that hotspot was found 

at the location where the magnitude of electric field was maximal. Figure 6.10-6.12 

show the simulated electromagnetic field in the x-y plane and x-z plane at the middle 

of the heated kernel, mesocarp and EFB at 180 W. During the microwave exposure, 

electric fields are found interacted in the kernel, mesocarp and EFB, as shown in 

Figure 6.10(b), 6.11(b) and 6.12(b). The electric field intensity in the samples is 

strongly influenced by the electric field distribution surround the sample. The electric 

field intensities of the surrounding air in the microwave cavity can go up to 2.88×10
4 

V/m while the electric field intensity in the kernel, the mesocarp and the EFB are 

7.28×10
3 

V/m, 9.4×10
3 

V/m and 1.82×10
4 

V/m, respectively. The electric field 

strength is noticeably different for the kernel, mesocarp and EFB samples. Among 

the samples, the highest electric field strength is found in the EFB followed by the 

mesocarp and the kernel.  

z3 

z2         

z1 

z1     z2        z3 
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(a)  
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x-z axis 

                                                   
(b)  

Figure 6.10: The electric field intensity which is (a) around and (b) inside the kernel 

through the microwave exposure. 
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x-y axis 

 

x-z axis 

  
(a)  

x-y axis 

                                                
 

                   x-z axis 

                                             
(b)  

Figure 6.11: The electric field intensity which is (a) around and (b) inside the 

mesocarp through the microwave exposure. 
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              x-z axis 

                                    
(b)  

Figure 6.12: The electric field intensity which is (a) around and (b) inside the EFB 

through the microwave exposure. 

V/m 

V/m 

V/m 

V/m 



104 

 

This variation can be explained by the greater dielectric properties of EFB 

compared to the mesocarp and kernel. In addition, the differences in geometry and 

dimensions of the samples could be one of the factors affecting the electric field 

strength. 

Besides, due to reflections of the incident electromagnetic wave, only part of 

the wave is transmitted into the sample. The reflection and transmission components 

at interfaces between the air and top surface of the samples contribute to the 

standing-wave pattern. In this case, such pattern leads to a greater electric field 

concentration at those interfaces. As shown in Figure 6.10(b), 6.11(b) and 6.12(b), a 

high intensity of electric field is observed to surround the top and the elongated 

sections of the kernel, and at the edges of the mesocarp and EFB. The high electric 

field intensity is resulted from the great electric field surrounding the mentioned 

regions.  

In addition, the ellipsoid shaped kernel is observed to have more electric field 

deposition compared to the cubical shaped mesocarp and EFB. This observation is 

agreed with Birla, Wang, and Tang (2008)’s finding where a more uniform electric 

field distribution was obtained within the spherical object than the cubed object. 

Hence, spherical object is expected to heat more evenly compared to cubical objects. 

Birla, Wang, and Tang (2008) stated that the uniform distribution is due to the 

propagation of electric wave which enter the rounded edges of the spherical object 

from one direction, rather than converging from multi-directions from the sharp 

edges of the rectangular shaped sample. As a result, the electric field intensity at the 

rounded edges of the kernel is reduced. Therefore, a more uniform electric field 

intensity is obtained in the ellipsoid shaped kernel than the cubical shaped mesocarp 

and EFB. 

On the other hand, Figure 6.10(b), 6.11(b) and 6.12(b) show that the lowest 

electric field intensity is occurred in the central regions of the three samples. Gradual 

increases of electric fields from the center towards the surface of the samples are 

observed, indicating that there are more energy depositions near the surface. Birla, 

Wang, and Tang (2008) mentioned that regions with a high intensity of 

electromagnetic field resulted in high microwave energy absorptions, thus 

contributed to uneven heating. Therefore, the microwave power absorption, heating 

and drying patterns associated with the electric field intensity are discussed next. 
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6.3 Microwave power density generation and power lost 

The temperature in the kernel, mesocarp and EFB are increased by the heat 

generation due to microwave energy, but are also reduced by the surface cooling 

mechanisms such as convection, radiation and evaporation. Figure 6.13(a)-(c) show 

the generated microwave power density and power lost per unit are due to convection, 

radiation and evaporation for kernel, mesocarp and EFB throughout the microwave 

heating process.  

Based on the generated microwave power densities as shown in Figure 6.13, 

the power absorbed by the samples are obtained by integrating the power absorption 

density over a sample's volume. The microwave power absorbed by the kernel, 

mesocarp and EFB are found to be 0.95-2.4 W, 1.05-1.7 W and 5-37 W respectively. 

The low microwave power density generated by the kernel and mesocarp can be 

explained by their lower dielectric loss factors compared to the EFB as the power 

density generation is dependent on the dielectric loss factor of sample. The greater 

dielectric loss factors of EFB (
''
r =1.472-11.7) in comparison with the kernel (

''
r

=0.241-1.656) and mesocarp (
''
r =0.526-1.453) results in a higher generated 

microwave power density of the EFB (refer to Section 4.1.1). As the volume of the 

mesocarp sample is smaller than that of kernel, it absorbs and dissipates less heat 

compared to kernel.  

 Despite the temperature in the samples increases after further microwave 

heating, lower generated microwave power densities are observed in Figure 6.13. 

This observation could be explained by the changes of dielectric loss factor of the 

samples. In this work, the dielectric loss factors of the kernel, mesocarp and EFB are 

a function of moisture content. The dielectric loss factor decreases with the reduction 

in moisture content and thus, lesser microwave power can be absorbed by the dried 

samples. 
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(c) 

 

 

 

 

Figure 6.13: Generated microwave power density and power lost per unit area of (a) 

a kernel, (b) a mesocarp and (c) an EFB due to various mechanisms when subject to 

180 W microwave power. 
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From Figure 6.13(a) and 6.13(b), the power lost per unit area due to evaporation 

decreases rapidly at the initial stage. The initial decrease of the power loss is due to 

rapid moisture evaporation at the surfaces of kernel and mesocarp while the surface 

temperature is relatively low. The surface temperatures of the kernel and mesocarp 

are around 40 - 50 
0
C at t = 1 min ((Figure 6.1(b) and 6.2(b)). After the initial 

decrease of evaporative power loss, it is followed by a gradual increase until it 

reaches a maximum power loss. The maximum evaporative power loss occurs at 

around t = 5 - 6 min when the surface temperatures of kernel and mesocarp are 

approximately 70 
0
C (Figure 6.1(b)) and 90 

0
C (Figure 6.2 (b)). On the other hand, 

EFB achieved the maximum evaporative power lost at t=2 mins when its surface 

temperature are approximately 100 
0
C (Figure 6.3(b)). The increase of evaporative 

power loss is also due to the steady moisture diffusion from inner part of the samples 

to the surface. As the moisture in the sample decreases, the evaporative power loss 

decreases for the remaining heating duration, despite a higher sample temperature is 

attained. Moreover, the evaporation rate decreases as the moisture content of the 

samples is further reduced. This is caused by the slower moisture migration from the 

interior of the solid towards its surface, thus, reduces the amount of moisture content 

to be evaporated at the sample’s surface (Metaxas and Meredith, 1983).  

In addition, the power loss due to radiation is 2.4-4.4 times higher than the 

power loss due to convection. This is attributed to the low heat transfer coefficient             

(5 W/(m
2
·K)) is used for kernel and mesocarp, and a relatively higher heat transfer 

coefficient (30 W/(m
2
·K)) is used for EFB to model in the microwave cavity. 5 

W/(m
2
·K) for kernel and mesocarp which is often used for natural convective heat 

transfer in a typical microwave oven. However, a relatively higher heat transfer 

coefficient (22.5-40W/(m
2
·K)) is typically represented for fibrous material (Zhang 

and Datta, 2004, Yang and Gunasekaran, 2004, Rakesh et al., 2011, Kumar et al., 

2014), therefore, the relatively higher heat transfer coefficient, 30 W/(m
2
·K), is used 

to represent for the fibrous EFB. Radiation and convection of kernel, mesocarp and 

EFB are increased with time and the rate of increment has slowed down gradually 

which is dependent on the surface temperature of the samples, as shown in equations 

(5.19) and (5.20). 
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In this study, the heat loss of kernel, mesocarp and EFB due to evaporation is 

relatively small compared to the power loss due to radiation and convection. Besides, 

the microwave power absorptions are gradually decreases within the kernel, 

mesocarp and EFB due to the reduction of dielectric loss factor of the dried samples.  

 

6.4 Temperature and moisture distributions 

Although Figure 6.1-6.3 show the temperature of two point locations of the 

samples, the temperature distribution in the sample are necessary to identify the hot 

spots to avoid the overheating of the sample.  

In microwave heating, temperature distribution in a sample is dependent on 

the electric field intensity and generated microwave power density. Figure 6.14-6.22 

show the electric field distributions, microwave power absorption densities and 

temperature distributions in the kernel, mesocarp and EFB after microwave heating 

for 1 min and 5 mins. The generated microwave power density (Figure 6.15, 6.18 

and 6.21) have the same pattern with the electric field intensity in the kernel (Figure 

6.14), mesocarp (Figure 6.17) and EFB (Figure 6.20). The occurrence of the 

resonances during microwave heating results in local hotspots which causes 

temperature non uniformity in the samples. A higher temperature is found at the 

upper central surface and a lower temperature occurs at edges and side surfaces of 

mesocarp (Figure 6.19) and EFB (Figure 6.22). On the other hand, Figure 6.16 shows 

a hotspot is found at the top region of the kernel and its lower part is generally colder.  

Hossan and Dutta (2012) reported that the temperature distribution of a rectangle 

shaped salmon fillet was closely related to the generated microwave power density 

distribution except for areas which are closer to the surface where the influence of 

surface cooling is presented in Section 6.3. 

The temperature distribution of kernel (Figure 6.16) has the same pattern as 

the generated microwave power density distribution where the hotspot is located at 

the maximum generated microwave power density (Figure 6.15). However, the 

temperature distributions in the mesocarp and EFB are not the same as the 

corresponding generated microwave power densities. The mesocarp (Figure 6.19) 

and EFB (Figure 6.22) have central hotspots which are not located in the regions 

with maximum generated microwave power densities (Figure 6.18 and 6.21).  
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Figure 6.14: Electric field intensity in the kernel throughout the microwave heating 

and drying durations. 

 

 
(a) t = 1 min 

 

 
(b) t = 5 mins 

Figure 6.15: Generated microwave power density in the kernel after (a) 1 min and (b) 

5 mins of microwave heating and drying.  
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Surface Interior 

(a) t = 1 min 

 
 

Surface Interior 

(b) t = 5 mins 

Figure 6.16: Surface and interior temperature distributions in the kernel after (a) 1 

min and (b) 5 mins of microwave heating. 
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Figure 6.17: Electric field intensity in the mesocarp throughout the microwave 

heating and drying durations. 

 

 
(a) t = 1 min 

 
(b) t = 5 mins 

Figure 6.18: Generated microwave power density in the mesocarp after (a) 1 min and 

(b) 5 mins of microwave heating and drying. 
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Surface Interior 

(a) t = 1 min 

  

Surface Interior 

(b) t = 5 mins 

Figure 6.19: Surface and interior temperature distributions in the mesocarp after (a) 

1min and (b) 5 mins of microwave heating. 

 

 

Figure 6.20: Electric field intensity in the EFB throughout the microwave heating 

and drying durations. 
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(a) t = 1 min 

                     

       
(b) t = 5 mins 

Figure 6.21: Generated microwave power density in the EFB after (a) 1 min and (b) 

5 mins of microwave heating and drying. 
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Surface Interior 

(a) t = 1 min 

 
 

Surface Interior 

(b) t = 5 mins 

Figure 6.22: Surface and interior temperature distributions in the EFB after (a) 1min 

and (b) 5 mins of microwave heating. 

 

The temperature of the hotspot, however, has reduced during the OFF phase. 

The microwave oven supplies microwave irradiance intermittently. A full cycle has a 

period of 30 s. In the case of 180 W microwave power, microwave supply is 

switched on (ON phase) for 12 s and switched off for the next 18 s (OFF phase) in 

every cycle. Figure 6.23 shows the temperature distributions of the samples during 

the cooling stage. The cooling stage reduces the peak temperature and also allows 

more uniform temperature distribution within the samples.  
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     t = 12 s t = 18 s t = 24 s            t = 30 s 

(a) 

 

 

 

 

 

 

 

     t = 12 s t = 18 s t = 24 s            t = 30 s 

(b) 

 

 

 

 

 

 

          

     t = 12 s t = 18 s t = 24 s            t = 30 s 

(c) 

Figure 6.23: Temperature distribution in the center (h/2) of the (a) kernel, (b) 

mesocarp and (c) EFB during the microwave OFF phase, t = 12-30s. 
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Besides, according to equation (5.2), heat generation within a sample is 

directly proportional to the sample’s dielectric loss factor. Figure 6.24-6.26 show the 

distributions of dielectric loss factor of kernel, mesocarp and EFB after 1 min (60s) 

and 5 mins (300s) of microwave heating. The dielectric loss factor is higher at the 

center and is lower the surface. As the dielectric loss factor follows closely with that 

of moisture content distribution as it is modeled as a function of moisture content as 

presented in Chapter 4.  

 

 

 

 

 
(a)  (b) 

Figure 6.24: Dielectric loss factors of the kernel on the viewed after (a) 1 min (60 s) 

and (b) 5 mins (600 s) of microwave heating. 

 

 

 

 
(a) (b) 

Figure 6.25: Dielectric loss factors of the mesocarp viewed on after (a) 1 min (60 s) 

and (b) 5 mins (300 s) of microwave heating. 
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(a) (b) 

Figure 6.26: Dielectric loss factors of the EFB viewed on after (a)1 min (60 s) and 

(b)5 mins (300 s) of microwave heating. 

 

The maximum, minimum, volume-averaged and surface-averaged temperature 

profiles of the kernel, mesocarp and EFB are shown in Figure 6.27. In the 

temperature history, the surface-averaged temperatures of the kernel, mesocarp and 

EFB are lower than the volume-averaged temperature. The low surface temperature 

is attributed to the cooling effect due to evaporation, radiation and convection at the 

sample’s surface. The volume-averaged temperatures of the kernel and mesocarp are 

3 % and 2 % higher than their surface-averaged temperatures, respectively. This 

small difference suggests that surface temperature of kernel and mesocarp could be 

used as an approximation to volumetric temperature. On the other hand, the volume-

averaged temperature of the EFB is greater than its surface-averaged temperature by 

150 %. The large difference can be caused by two factors which are its small thermal 

conductivity and also the larger sample size. Due to these two factors, a larger 

thermal gradient exists between EFB core and the surface.  
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Figure 6.27: Temperature history of (a) a kernel, (b) a mesocarp and (c) an EFB 

subject to microwave power of 180 W. 
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Figure 6.28 shows the comparisons between the volume-averaged and surface-

averaged moisture contents of the kernel, mesocarp and EFB that are subjected to 

microwave power of 180 W. The moisture content at the surface and within the 

kernel, mesocarp and EFB decrease exponentially. Similarly, the moisture contents at 

the surfaces of the kernel, mesocarp and EFB are dried more rapidly than the interior. 

The drier surface is caused by the convective air flow and the evaporation of liquid 

vapor from the samples’ surfaces.  

 

 

(a) 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

(c) 

 

Figure 6.28: Moisture content history of (a) a kernel, (b) a mesocarp and (c) an EFB 

subject to microwave power of 180 W. 
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Based on the equation (5.15) and the equation (5.20), the diffusion rate and 

the evaporation of the moisture content are dependent on the sample’s temperature. 

A higher sample’s interior temperature (see Figure 6.27) promotes the moisture 

diffusion process to the sample's dry surface. To have an overall view of the mass 

transport phenomena, Figure 6.29-6.31 illustrate the moisture distributions within the 

kernel, mesocarp and EFB subjected to cyclic microwave heating at 180 W for 1 min, 

5 mins and 10 mins.  

The moisture content has a different distribution pattern during its pre-heating 

period (1 min) compared to the constant period (5 mins) and the falling period (10 

mins). The moisture content of the samples is not distributed evenly. The maximum 

moisture content of the kernel (Figure 6.29), mesocarp (Figure 6.30) and EFB 

(Figure 6.31) samples are centrally located throughout the microwave irradiation 

process. The moisture distribution during the constant period and failing are almost 

identical, where moisture on the surface started to separate the dry and wet regions, 

which also described by Ip and Wan (2012).  
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Surface Core 

(a) t = 1 min 

  

Surface Core 

(b) t = 5 mins 

 

 

Surface Core 

(c) t = 10 mins 

Figure 6.29: Moisture content profiles of kernel after subject to cyclic microwave 

heating at 180 W for (a) 1 min, (b) 5 mins and (c) 10 mins. 
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Surface Core 

(a) t = 1 min 

  

Surface Core 

(b) t = 5 mins 

  
Surface Core 

(c) t = 10 mins 

Figure 6.30: Moisture content profiles of mesocarp after subject to cyclic microwave 

heating at 180 W for (a) 1 min, (b) 5 mins and (c) 10 mins. 
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Surface Core 

(a) t = 1 min 

  

Surface Core 

(b) t = 5 mins 

  

Surface Core 

(c) t = 10 mins 

Figure 6.31: Moisture content profiles of EFB after subject to cyclic microwave 

heating at 180 W for (a) 1 min, (b) 5 mins and (c) 10 mins. 
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6.5 Summary 

In this study, three microwave power levels (100 W, 180 W and 300 W) are 

simulated and the temperature and moisture content results are compared with 

experimental data for model validation. The temperature and moisture content 

histories of the kernel, mesocarp and EFB are discussed. The study of the 

electromagnetic distributions in the ellipsoid shaped kernel and the cubical shaped 

mesocarp and EFB showed that the temperature distribution are directly related to 

the electric field intensity and the generated microwave power density in the samples. 

However, the total generated microwave power density are highly dependent on the 

dielectric properties of the samples. In this work, EFB has the largest dielectric 

properties followed by the mesocarp and kernel. Therefore, EFB is capable of 

absorbing more microwave energy and generates more heat than the mesocarp and 

the kernel. 

Besides, the temperature history shows that the minimum temperature of the 

samples occurr on the surface. This is caused by the surface cooling from 

evaporation, convection and radiation effects. Among the heat transfer mechanisms, 

convection and radiation are the dominant cooling mechanisms to reduce the surface 

temperature of the heated sample. Therefore, the surface of the heated sample has a 

lower temperature than the interior. The hot spots are observed to occur at the centers 

of the mesocarp and EFB and on the top surface  of the kernel. The hotspots can be 

avoided by applying cyclic heating. The cyclic operation reduces the temperature and 

provides a better temperature uniformity in the kernel, the mesocarp and the EFB 

samples. 
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CHAPTER 7  

MODELING OF FRESH FRUIT BUNCH 

 

In this chapter, the microwave heating of a simplified fresh fruit bunches (FFB) 

is simulated which the FFB consist of kernel, mesocarp and EFB. The purpose of this 

simulation is to study the heat and mass transfer behaviors of FFB when microwave 

energy is provided.  The modelling procedure of the FFB is similar to that discussed 

in Chapter 5. The computational domain, the meshing scheme and the microwave 

heating behavior of the FFB are presented.  

 

7.1 Computational domain 

In this case study, a small part of FFB exposed to microwave irradiation is 

modelled (as shown in Figure 7.1(a)). The FFB in this model (Figure 7.1(b)) consists 

of a palm fruit and EFB. The EFB is attached to the fruit.  

 

 

 

 

 

 
(a)  (b) 

Figure 7.1: (a) Computational model of FFB and the (b) details of FFB. 

Based on the volume assessment conducted by Noerhidajat et al. (2015),  

palm fruit is well represented as an ellipsoidal shape. Thus, kernel and mesocarp are 

modelled as an ellipsoid shape and a rectangular shape for EFB. The dimensions and 

the total volume of the modelled FFB are listed in Table 7.1. The dimensions of 

mesocarp and kernel are based on values reported by Hazir and Shariff (2011) and 

Mesocarp 

Kernel EFB 

Small part 

of FFB 
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the EFB is assumed as a rectangular block of 25.7 mm (length) x 10.8 mm (width) x 

6.75 mm (height).  

 

Table 7.1: Dimensions of the kernel, mesocarp and EFB constructed in the model. 

Layer Shape 

Dimension Total 

volume  

(mm
3
) 

Length 

(mm) 

Width 

(mm) 

Height 

(mm) 

Kernel Ellipsoid 15.5 11.8 12.4 1086.4 

Mesocarp Ellipsoid 33.75 25.7 27 11175.34 

EFB Rectangular 25.7 6.75 10.8 1385.9 

 

Figure 7.2 is a three dimensional view of a FFB. A red color line (line 1) as 

indicated in this figure is placed at the center of the FFB. 

 

 

Figure 7.2: The red line (line 1) as indicated is used for result comparisons. 

  

Mesocarp 

region 

Mesocarp  
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Kernel 

region 

EFB 

region 
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Besides, two cross-sectional planes in the x-y (Figure 7.3) and x-z (Figure 7.4) 

directions are used to study the results of the simulations. Both the planes pass 

through the center of the samples. As shown in Figure 7.3, the horizontal plane in x–

y direction is at z = 0.0162 m (denoted as x–y plane 4). On the other hand, Figure 7.4 

shows the vertical plane in the x-z direction at y = 0.145 m. 

 

  

Microwave cavity FFB 

Figure 7.3: Cut plane 1 of the FFB models. The horizontal plane is set at the center of 

the samples; the plane is located at z = 0.0162 m (x-y plane 4) from the cavity 

surface. 

 
 

Microwave cavity FFB 

Figure 7.4: Cut plane 2 of the FFB models. The vertical plane is set at the center of 

the samples; the plane is located at y = 0.145 m (x-z plane 4) from the cavity surface. 
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7.2 Mesh generation 

Since the shape and the dimensions of the kernel, mesocarp and EFB are 

changed according to Table 7.1, a mesh generation study is needed to be carried out 

on the modified geometries. Similar meshing options are applied in the mesh 

independent test, namely "coarser", "coarse", "normal", "fine" and "finer" meshing 

options. Table 7.2 shows the maximum element sizes and the total number of 

tetrahedral elements for different mesh options. 

 

Table 7.2: Element sizes and total element numbers of the geometry for various mesh 

options. 

 

 

The simulated averaged temperatures and moisture contents of the kernel, 

mesocarp and EFB at 600s with different element sizes are shown in Figure 7.5. The 

comparisons indicate that the temperature and moisture content of the kernel, 

mesocarp or EFB have reached almost constant values for the "fine" meshing option 

thus, the "fine" mesh option is used to refine the meshes in the case study. In this 

case study, the same initial conditions, boundary conditions, input parameters and 

numerical procedure as described in Sections 5.3, 5.5 and 5.6 are applied. 

  

Mesh option Maximum 

Element size (m) 

Total elements 

Coarser 0.0775 34440 

Coarse 0.0612 36802 

Normal 0.0408 42256 

Fine 0.0326 47916 

Finer 0.0224 66725 
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(a) 

 

(b) 

Figure 7.5: Effects of element numbers on estimated (a) temperature and (b) moisture 

content of kernel, mesocarp and EFB at t=600s. 
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7.3 Electric field distributions 

Figure 7.6 and 7.7 show the electric field distribution in the microwave cavity 

viewed on x-y plane 4 and x-z plane 4. In Figure 7.6(a) and 7.7(a), high and low 

electric field intensity spots are observed and the formation of these spots is 

explained in Section 6.2 and is due to the interference of electromagnetic waves in 

the cavity. The electric field intensity around the FFB ranges from 0.3×10
4
 to 

2.3×10
4 

V/m on the x-y plane 4 (Figure 7.6(b)) and from 0.3×10
4
 to 2.8×10

4 
V/m at 

the x-z plane 4 (Figure 7.7(b)). In Figure 7.6(a) and 7.7(a), the highest electric field 

intensities in the microwave cavity are observed to surround the edges and surfaces 

of the mesocarp and EFB of the FFB. Among the three individual materials, the EFB 

experiences the strongest field strength (2.25×10
3
-2.15×10

4 
V/m), followed by the 

mesocarp (853-2.14×10
4 

V/m) and kernel (2.6×10
3
-9.84×10

3 
V/m). The strongest 

field strength (2.14×10
4
-2.15×10

4 
V/m) in EFB and mesocarp is located in the 

interface between the EFB and mesocarp. The arrows in Figure 7.6(c) and 7.7(c) 

indicate more electric field is deposited at the interface between EFB and mesocarp 

compared to other regions. The lowest electric field intensities are found at the top 

and the bottom of the mesocarp and the kernel, whereas low electric field intensity is 

located at the center of the EFB. The field intensity distribution is affected by size, 

geometry and location of the kernel, mesocarp and EFB of the FFB.  
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(a) 

 

(b) 

 

(c)           Mesocarp          Kernel                    EFB 

 

 

Figure 7.6: Electric distribution (a)in the microwave cavity,  (b)around the FFB and 

(c)within the FFB viewed on x-y plane. The arrows in the figures indicate the 

direction of the electric fields for the 2.45 GHz incident waves. 
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(a) 

 

(b) 

  

(c)           Mesocarp          Kernel                    EFB 

 

 
 Figure 7.7: Electric distribution (a)in the microwave cavity,  (b)around the FFB and 

(c)within the FFB viewed on x-z plane. The arrows in the figures indicate the 

direction of the electric fields for the 2.45 GHz incident waves. 
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7.4 Microwave power density generation and power lost 

Figure 7.8(a) shows only microwave power density is generated within the 

kernel since evaporation, radiation and convection mechanisms are assumed to occur 

at the fruit (mesocarp) surface. In addition, comparing with Figure 6.13(a), generated 

microwave power density of kernel in a FFB does not manifest an exponential 

decrease; instead, it shows a gradual decrease at the beginning of microwave heating. 

The microwave absorption is dependent on the moisture content and dielectric 

properties. Therefore, the moisture diffusion in the kernel has significantly affected 

the microwave absorption since the kernel is encapsulated by mesocarp.   

Evaporation, radiation and convection occurred on both the mesocarp and 

EFB. Their generated microwave power density showed a decreasing trend, due to 

the removal of moisture content. The generated microwave power density of the 

mesocarp in FFB is 25 times greater than the heated sliced mesocarp as shown in 

Figure 5.1. This is because the mesocarp in FFB has a larger volume for microwave 

power generation and it is yet placed at the location with stronger electric field 

intensity. 

As shown in Figure 7.8(c), the generated microwave power of the EFB had 

greater density compared to the cooling mechanisms (convection, radiation and 

evaporation). This is due to a larger volume of EFB is exposed to the microwave 

energy. Thus, generated microwave power density into the FFB is significant. In 

EFB, power loss due to convection and radiation is relatively high compared to the 

power lost due to evaporation. 

High generated microwave power density is initially observed in EFB region at 

t = 5 s (Figure 7.9(a)). As the drying continues, the high microwave power density 

moves to the interface region between EFB and mesocarp as shown in Figure 7.9(b) 

and 7.9(c).  
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(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

 

 

 

Figure 7.8: Power absorbed and lost for (a) a kernel, (b) mesocarp and (c) EFB due 

to various mechanism when subject to 180 W microwave power. 
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(a) t = 5 s 

       
(a) t = 60 s 

 

 
(c) t = 300 s 

Figure 7.9: The microwave power density of FFB after (a) 5 s, (b) 1 min (60 s) and (c) 

5 mins (300 s) of microwave heating. 
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Figure 7.10 shows the variation of electric field intensity and microwave power 

density along line 1 (Figure 7.2) at different times.  The electric field intensity during 

ON phase is shown. The power density in EFB region changes sharply from t = 5 s to 

t = 60 s while in mesocarp and kernel regions, the power density change is relatively 

small. Although EFB is located at the location with the weak electric field intensity, 

it generates more microwave heat source at t = 5 s (0.1-8.8 W) compared to the 

kernel (0.2-1 W) and the mesocarp (0.1-2 W). This is due to EFB’s higher dielectric 

properties determined from Section 4.1.2.  

  

Figure 7.10: Electric field intensity and microwave power density absorbed by 

mesocarp, kernel and EFB at microwave exposure for 5 s, 60 s and 300 s. 

7.5 Temperature and moisture distributions 

Figure 7.11(a) shows that high temperature is found in EFB region at t = 5 s. 

As the microwave heating continues, the temperature continues to rise and mesocarp 

temperature is found to increase as shown in Figure 7.11(b)-(c). In comparison with 

the generated microwave power density, the temperature increase is resulted by the 

power density at 5 s. However, after 60 s and 300 s of microwave heating, the 

temperature in the mesocarp and kernel are distributed despite minimal generation of 

power density. In addition, it is interesting to note that mesocarp temperature 

Mesocarp 
region 

  

Mesocarp  
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Kernel 
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increases much quicker compared to the colder region of EFB. It is mainly because 

mesocarp has a higher thermal conductivity than EFB. Thus, it is easier for heat to be 

transported to region with a high thermal conductivity.  Therefore, conduction plays 

a significant role in temperature distribution when the microwave irradiation is halted. 

 

 
(a) t = 5 s 

 

 
(a) t = 60 s 

 

 
(b) t = 300 s 

Figure 7.11: The temperature distributions in the FFB after (c) 1 min (60 s) and (d) 5 

mins (300 s) of microwave heating. 
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Figure 7.12 and Figure 7.13 show the average temperatures and moisture 

contents of the kernel, the mesocarp and the EFB in the FFB. As shown in Figure 

7.12 and 7.15, the temperature of the EFB reached a maximum temperature of 

230 °C at 15 mins, where the EFB lost a total moisture content of 468 % d.b.. 

Mesocarp lost around 19 % d.b. of the average moisture content with an increased 

temperature up to 260 °C. The moisture content of the kernel is reduced to 7 % d.b. 

with the temperature increased up to 260 °C, after microwave irradiation for 10 mins. 

Nevertheless, EFB and mesocarp, are natural fibers and can decompose at 

temperature above 100 °C. Moreover, the quality of the oil in the mesocarp would be 

degraded. Furthermore, as mentioned, the temperature of the kernel and mesocarp 

should not exceed 100 °C, otherwise the vitamin E of kernel oil and palm oil would 

be destroyed. In this study, kernel and mesocarp reach 100 °C after being heated for 

2 mins and 1.8 mins respectively, with the average moisture loss of 2.85 % and 4 %. 

In addition, a drastic drop of moisture content is observed at the beginning of the 

microwave drying process of the mesocarp and the EFB but this does not occur for 

the kernel. The sudden drop is owing to the rapid moisture lost from the surface of 

the mesocarp and the EFB by evaporation. 

 

Figure 7.12: Average temperature of the kernel, mesocarp and EFB subjected to 180 

W microwave power.  
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(a) 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

(c) 

 

Figure 7.13: Average moisture content of (a) kernel, (b) mesocarp and (c) EFB 

subjected to 180 W microwave power. 
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Figure 7.14 shows the moisture contents along the FFB (red line in Figure 7.2) 

after exposed to intermittent microwave irradiation for 0 s, 50 s, 300 s and 600 s. 

Before the microwave heating commences, the moisture content of the kernel, the 

mesocarp and the EFB are 25.9 %, 28.2 % and 485.5 % respectively. After 50 s of 

microwave heating, it is observed that the moisture content of mesocarp has 

increased tremendously at the contact point between the mesocarp and EFB. The 

sudden increase of moisture content is due to the rapid moisture diffusion from the 

EFB to the mesocarp. The smaller generated microwave power density in the 

mesocarp (as shown in Figure 7.10) have lowered the heating process hence lower 

moisture diffusion compared to the EFB, thus resulted in the higher moisture content 

in the mesocarp. However, after 300 s of microwave heating, the moisture content of 

the above mentioned region has significantly reduced. The reduction of the moisture 

content is due to the evaporation, convection and moisture diffusion between the 

dried EFB and wet mesocarp. The differences in moisture concentrations between 

the mesocarp and EFB have caused the moisture diffusion. 

  

Figure 7.14: Moisture content in mesocarp, kernel and EFB at microwave exposure 

for the 50 s, 100 s and 300 s. 
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During the microwave heating of the FFB, the average penetration depths of 

kernel, mesocarp and EFB, as shown in Figure 7.15, are increased during microwave 

drying when the moistures of the samples are lost. The increase of the penetration 

depth on decreasing moisture content implies that the kernel, mesocarp and EFB at 

lower moisture content are not capable of absorbing the microwave radiation 

compared to the higher moisture content.  

 

 

Figure 7.15: Average penetration depth of kernel, mesocarp and EFB during 

microwave heating and drying. 

In this study, the values of dielectric constants and dielectric loss factor are 

seen to be decreasing as the moisture content is further reduced which leads to an 

increasing penetration depth. The penetration depth of fresh kernel, mesocarp and 

EFB is 50.8 %, 34.7 % and 76 % lower than the completely dried kernel, mesocarp 

and EFB respectively.  Higher moisture content makes it more suitable to be used in 

microwave heating. In general, penetration depth should not be larger than the 

sample size in order to absorb the microwave energy. However, a very small 

penetration depth implies that the heating is dominant on the surface. The 

comparisons reveal that the EFB has better dielectric properties than the kernel and 

mesocarp. In addition, lower moisture content also shows a higher value of 

penetration depth. 
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Figure 7.16 shows the loss tangent for the heated and dried kernel, mesocarp 

and EFB. The loss tangent for kernel, mesocarp and EFB are decreased during 

microwave heating and drying. The loss tangent of the kernel, mesocarp and EFB 

ranges from 0.1-0.22, 0.19-0.25 and 1.36-2.4 respectively. With the reduction of 

moisture content of EFB to 48 %, the loss tangent of EFB decreases sharply to 1.4 

and then decreases gradually to 1.36. On the other hand, the loss tangent of the 

kernel and mesocarp gradually decreases during the microwave heating and drying. 

The reduction of loss tangent is related to the decrease of the dielectric properties of 

the samples. As the dielectric loss factor increases more rapidly compared to the 

dielectric constant, this implies that loss tangent is more sensitive to the variation in 

dielectric loss factor in comparison to dielectric constant. EFB has a higher loss 

tangent relative to the kernel and mesocarp and due to the selective absorption of the 

electromagnetic energy, the EFB will undergo a greater degree of heating than the 

kernel and mesocarp. Therefore, during heating, heat will be transferred from the 

EFB to other regions by convection or conduction.  

 

Figure 7.16: Loss tangent of kernel, mesocarp and EFB during microwave heating 
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The penetration depth of kernel, mesocarp and EFB is large at lower moisture 

content. The loss tangent of kernel, mesocarp and EFB decreases with moisture 

content. However, the penetration depth increases with it. The reduced loss tangent 

in the samples implies that a reduction of the heat generation rate during its 

interaction with microwave. The results show that EFB has better microwave power 

absorption and heat dissipation rate than the kernel and mesocarp. The determination 

of dielectric properties is essential to identify the penetration depth and loss tangent 

parameters which are important to understand the interactions between the 

microwave power absorption, heat dissipation and microwave energy. 

 

7.6 Summary 

A simulation study of FFB is carried out in this study. The generated 

microwave power density of the FFB is found to be positively correlated to the 

electric field strength in the microwave cavity. It is dependent on the dielectric 

properties. In the FFB, EFB is able to generate more heat compared to the kernel and 

mesocarp due to its greater dielectric properties. In addition to overheating, the low 

thermal conductivity of EFB also results in uneven temperature distribution.  
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CHAPTER 8  

CONCLUSION AND RECOMMENDATION 

 

This chapter concludes the key findings on the characterizations, the heating 

and drying behaviors and the effects of microwave heating on the oil palm kernel, 

mesocarp and EFB. In addition, findings from the simulation of microwave heating 

on the heat and mass transfer behavior of kernel, mesocarp, fresh empty fruit 

bunches (EFB) and fresh fruit bunches (FFB) are summarized. This chapter also 

covers the recommendations for future work in this area. 

 

8.1 Characteristics of kernel, mesocarp and EFB 

The initial moisture content of the kernel, mesocarp and EFB of Elaeis 

guineensis species are 28.2 % d.b., 25.9 % d.b. and 485.5 % d.b respectively. It is 

found that the moisture content strongly influences on the dielectric properties of the 

samples. The fresh EFB are found to have the greatest range of dielectric constant 

(3.09<
'
r <24.4) and loss factor (0.68<

''
r <12.8) compared to mesocarp (3.28<

'
r

<4.7, 0.29<
''
r <1.10) and kernel (2.88<

'
r <6.2, 0.036<

''
r <1.08). The results 

indicated that EFB has great dielectric properties to absorb microwave energy, 

followed by mesocarp and kernel. However, slower temperature elevation can 

preserve the extracted oil quality from the mesocarp and kernel.   

On the other hand, the thermal conductivity is compared to the estimated 

values from the literature. The thermal conductivity is found to be 0.458 and 0.028 

W/(m·K) for the mesocarp and the EFB, whereas the kernel is found to be 0.68 

W/(m·K). Furthermore, TGA is conducted to avoid the decomposition of the oil 

palm fruits and bunches. The analysis showed the decomposition of the kernel, 

mesocarp and EFB started from 100 °C. Therefore, the heated sample must keep 

below 100 °C to avoid sample degradation. 

8.2 Effects of microwave heating and drying on kernel, mesocarp and EFB 

In order to ease the fruit detachment and oil extraction, a low mechanical 

strength, i.e. elastic modulus and yield strength, is preferable. However, the 



145 

 

microwave heating process has been shown to increase the elastic modulus and yield 

stresses of the kernel, mesocarp and EFB. The increasing elasticity of modulus is an 

unavoidable consequence of microwave heating. A low mechanical strength is 

obtained at a higher moisture content. Correlations of elastic modulus and yield 

stress as a function of moisture content are obtained for kernel, mesocarp and EFB. 

The correlations are useful for the shrinkage study of the kernel, mesocarp and EFB. 

In addition, no significant change and physical damages occur on the surface of the 

kernel, mesocarp and EFB samples.  

 

8.3 Heat and mass transfers of oil palm kernel, mesocarp and EFB 

A multiphysics model which account for electromagnetic wave, conservation 

of energy and moisture content is developed in the current work. The developed 

model shows good agreement between the experimental and simulation results.  

The temperature increase in the sample not only depends on the electric field 

intensity and the dielectric properties of the samples but also on the physical 

properties determined from the characterization studies such as thermal conductivity, 

specific heat capacity and density. Low specific heat capacity and density of EFB 

cause the higher temperature rise in the EFB compared to the kernel and the 

mesocarp. Furthermore, a small difference between the volume-averaged and 

surface-averaged temperature suggests that the surface temperature of kernel and 

mesocarp can be used as an approximation as their average volumetric temperature.  

Minimum temperature occurs on the sample surface which is due to the surface 

cooling mechanisms. Among the mechanisms, radiation and convection are dominant 

cooling mechanisms to reduce the surface temperature, whereby evaporation is 

significant when sample has high moisture content. In addition, surface convection 

and evaporation lead to rapid moisture loss on the sample surface and result in low 

moisture content on sample surface. A higher sample temperature and moisture 

concentration gradient promotes the moisture diffusion process to sample’s dry 

surface. 

Both the moisture concentration and temperature gradients have contributed to 

the heat and mass transfer fluxes. Therefore, both the heat and mass transfers must be 
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modelled simultaneously in order to predict the temperature and moisture content 

distributions accurately. 

 

8.4 Heat and mass transfers of FFB 

The interaction of microwave with the FFB is studied. The microwave power 

generation is dependent on the electric field intensity and dielectric loss factor on the 

FFB. The electric field intensity is affected by size, geometry and location of the 

sample whereby the dielectric loss factor is affected by the moisture content of the 

sample.  

In addition, the penetration depth and the loss tangent which are dependent on 

the dielectric properties of the samples reveal that low penetration depth and high 

loss tangent of the samples are obtained at high moisture content. A higher loss 

tangent in EFB explains that the EFB undergoes a greater degree of heating than the 

kernel and mesocarp.  

In the case study, EFB generates more microwave heat source compared to the 

kernel and the mesocarp, despite EFB is placed at the location with weaker electric 

field intensity. Therefore, the dielectric properties of the sample are dominant in 

microwave power generation. Hence, EFB achieves a high temperature and rapid 

moisture lost compared to the kernel and the mesocarp. Heat energy in EFB is 

transferred quicker to the mesocarp than to the colder region in the EFB because of 

the higher thermal conductivity of mesocarp. In addition, the differences in moisture 

concentrations between the mesocarp and EFB have caused their moisture diffusion, 

and leads to the quicker reduction in moisture content of the mesocarp and the kernel. 

Although microwave heating of the FFB provides a faster heating and drying for the 

mesocarp and kernel, overheating might be an issue.  

 

8.5 Significance of the current work 

The significance of this work is the fundamental study of microwave heating of 

kernel, mesocarp, EFB and FFB through experimental characterization and 

multiphysics modeling. The dielectric properties is a function of moisture content, 
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thus the dielectric properties of the samples changes during microwave heating and 

drying. Hence the microwave power generation is affected throughout the microwave 

heating and drying processes. 

This study indicates the location of the heated sample is important to be 

identified in order to avoid thermal runaway in the sample. 

In addition, this study also determines the characteristics of the kernel, 

mesocarp and EFB such as dielectric properties, thermal conductivity and thermal 

behavior. Furthermore, the effect of microwave energy on kernel, mesocarp and EFB 

towards the mechanical behavior and the microstructure changes are examined. The 

parameters such as penetration depth and loss tangent which are important in 

characterizing the temperature distribution in microwave heated samples are 

investigated. These findings provide a better illustration of the interaction of oil palm 

fruit components with microwave energy. 

 

8.6 Recommendations for future work 

The recommendations for future work are categorized into three sections; 

characterization, quality evaluations and improvements in modeling.  

First, for the sample characterizations, the dielectric properties which are the 

essential parameters, depend on various parameters such as temperature (Lovás et al., 

2010, Hossan and Dutta, 2012, Uyar et al., 2016) and density (Nelson and Trabelsi, 

2012) of the samples. In addition, mechanical properties of the samples were also 

found to be influenced by the temperature. Therefore, future studies could be carried 

out to determine the dielectric and mechanical properties as a function of temperature. 

for kernels, mesocarp and EFB.  

Besides, the chemical compositions of the fruit and oil such as fatty acid and 

vitamin E should also be determined after microwave heating. This analysis would 

help to determine the optimum temperature and moisture content to produce a better 

quality of palm oils. In addition, researchers could pay attention to provide 

microwave heating to the kernels, mesocarp and EFB individually because the high 

dielectric properties of EFB leads to a more rapid heat generation and moisture loss. 

The temperatures of kernels and mesocarp should be kept at optimum level to 
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preserve the oil quality. Furthermore, parameters such as the oven cavity size, 

location of microwave port, microwave frequency and the location of samples in the 

microwave oven cavity are important factors and should be considered to obtain an 

optimum sample’s temperature and moisture content. 

Moreover, researchers discovered that the temperature and moisture content are 

also influenced by shrinkage of an object, which can be predicted from its 

mechanical strength. Mathematical models which incorporate the shrinkage effect 

could predict a more accurate temperature and moisture content history. Furthermore, 

various microwave frequencies shall be compared as the microwave frequency can 

affect the electric field distributions and thus, changing the heating pattern. In 

addition, since the heat generation of the FFB is highly dependent on the electric 

field strength, various conditions such as locations, sizes, application of turntable and 

duration of microwave on-off supplies should be included in order to avoid hotspots 

and to provide a more uniform temperature and moisture distribution of the FFB.  
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APPENDIX 

Appendix 1 Experiment Set-up 

 

Modified domestic microwave oven (Samsung ME711K) and weight balance (AA-

160 Denmer) 

 

Fiber optic thermometers (Luxtron, USA) are connected to computer through FOT 

lab kit 4-channel fiber optic thermometry system 


