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a b s t r a c t

Background: Developing an efficient drying system with combined novel thermal and conventional hot-
air drying of agricultural crops has become potentially a viable substitute for conventional drying
techniques. Due to the synergistic effect, the total energy and time required can be drastically reduced,
and the final quality of agricultural crops preserved. The growing interest and research in recent years
have already shown that novel thermal with hot-air drying technology can adequately be used in the
drying of agricultural crops.
Scope and approach: This review attempts to give a summary of recent advances in the research and
applications of novel thermal combined hot-air drying technology for agricultural crops, with particular
emphasis on the combination mode, process conditions, process-quality interaction, drying kinetics,
energy demand and drying efficiency.
Key findings and conclusions: The combination of novel thermal with hot-air drying provides distinctive
opportunities in the development of advanced agricultural crop drying technologies. The most significant
advantages of using the above method were the reduction in the drying time and energy consumption as
well as, an increase in the drying rate and overall efficiency. More so, the application of infrared and hot-
air drying on agricultural crops is advantageous in obtaining dried products of better quality. In
conclusion, the findings suggest that these technologies have great potentials. Therefore, more studies,
especially in their industrial and commercial application are indispensable.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Drying is one of the foremost and often used preservation
method. It consists of the removal of moisture from a product,
resulting from the simultaneous heat and mass transfer process
due to the application of heat (Akpinar, 2006; Hashim, Onwude, &
Rahaman, 2014). It is widely applied in reducing the moisture
content (MC) of vegetables, fruits, herbs, grains, spices, oil seeds,
wood and other agricultural products with high MC (Chen, 2015).
Evidence suggest that drying is also the most important unit
operation for most industrial processes (Onwude, Hashim, Janius,
& Agricultural Engineering,
00, UPM, Serdang, Selangor,

(D.I. Onwude), norhashila@
Nawi, & Abdan, 2016a). Chua, Mujumdar, Chou, Hawlader, and Ho
(2000) stated that drying is the most energy demanding opera-
tion in all industries with about 10e25% of the total energy. Simi-
larly, Klemes, Smith, and Kim (2008) reported the total energy
demand of food industries in most developing countries to be
10e15%. Recently, there is an increasing effort to reduce the post-
harvest losses of agricultural products, around 30e40% of total
production in developing countries (Karim & Hawlader, 2005). The
drying process may affect (partially or totally) products quality
regarding sensory, nutritional and functional attributes. For suc-
cessful drying operation, the choice of adequate technique, partic-
ularly for high-value foods including fruits and vegetables becomes
requisite.

There are many conventional drying methods used in post-
harvest technology including solar drying (El-sebaii & Shalaby,
2012), osmotic dehydration (Luchese, Gurak, & Marczak, 2015),
vacuum drying (Nadi, Rahimi, Younsi, Tavakoli, & Hamidi-Esfahani,
2012), hot-air drying (Onwude et al., 2016a, 2016b), fluidized bed
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Fig. 1. Synergistic effect obtained by combining different drying technologies (Adapted
from: Raso & Barbosa-C�anovas, 2003).
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drying (Sagar & Suresh Kumar, 2010), and freeze drying
(Ciurzy�nska & Lenart, 2011). However, most of these drying tech-
niques involve longer drying time and high amount of energy,
resulting in poor quality of the dried products (Moses, Norton,
Alagusundaram, & Tiwari, 2014). Although, Liu, Aziz, Kansha,
Bhattacharya, and Tsutsumi (2014, 2012), and Aziz et al. (2011)
suggested a new way of improving the existing conventional dry-
ing processes based on self-heat recuperation technology, however
this method, which focuses mainly on increasing the energy effi-
ciency of the drying processes is complex, and expensive to adapt.
Thus, its limitation. In most recent studies, there have been sig-
nificant developments in using novel techniques, like microwave,
radio frequency, infrared, pulse electric field, ultraviolet, ultra-
sound, ohmic, supercritical, and heat pump heating, in the drying of
agricultural crops in terms of pre-treatment, techniques and
equipment design that will increase process efficiency and enhance
the quality of the final dried products.

Some of these advanced technologies can be applied as pre-
treatment or in combination with conventional techniques, for
decreasing the initial moisture content or changing the tissue
structure of crops in a manner that shortens the drying time
(Fernandes, Linhares,& Rodrigues, 2008). In addition, most of these
novel techniques produce more superior products, with great
reduction inMC, drying time and energy consumption as compared
to the conventional drying techniques (Moses et al., 2014).

Novel thermal technologies have recently gained increased in-
terest for preservation processes in food and agro-allied industries
(Cullen, Tiwari, & Valdramidis, 2012; Rastogi, 2012a; Vicente &
Castro, 2007; Witrowa-Rajchert, Wiktor, Sledz, & Nowacka, 2014).
Novel heating technologies, which include microwave (MW),
inductive heating (IH), and radio frequency (RF), have been devel-
oped to partially or completely replace the conventional method of
heating that mainly depends on the convective, conductive and
radiative mode of heat transfer (Kaur & Singh, 2016). These tech-
nologies are volumetric forms of heating with a common feature of
generating heat directly inside the product (Cullen et al., 2012;
Rastogi, 2012a). This has direct implications on energetic, exer-
getic, and heating efficiency. In addition, infrared (IR) radiation has
recently been used to thermally process agricultural crops (Riadh,
Ahmad, Marhaban,& Soh, 2015). Collectively, all these are
referred to as novel thermal technologies, where the change in
product temperature is the dominant processing factor.

The use of novel thermal techniques to develop drying system
have gained considerable attention in recent years (Raghavan et al.,
2005; Rawson et al., 2011). Several researchers have shown the
integration or combination of these technologies with conventional
drying methods. Andr�es, Fito, Heredia, and Rosa (2007) studied the
combined microwave drying (MWD) and hot-air drying (HAD) of
mango products; Mujumdar and Law (2010) reviewed on combined
MWD and vacuum drying (VD) of agricultural crops; Soysal, Arslan
and Keskin (2009) and Soysal, Ayhan, Eştürk and Arikan (2009)
investigated the intermittent MWD and HAD of red pepper and
oregano. Using combined novel thermal and conventional hot-air
drying technologies, also known as hybrid or hurdle technologies
(Cullen et al., 2012), involve successive, intermittent or simulta-
neous applications of various individual heating techniques with
different heat and mass transfer modes. Combined novel thermal
and conventional drying techniques are advantageous, particularly
because, many individual heating techniques, alone cannot
adequately ensure the quality, safety, and stability of dried prod-
ucts. In fact, in some circumstances, the combined drying tech-
niques would allow a milder application of a single heating method
with a stronger application of the other heating technique, with
consequent improvement in quality of the final products, reduction
in energy demand and total drying time, and increase in process
efficiency (Andr�es et al., 2007; Chong, Figiel, Law, &Wojdyło, 2013;
Moses et al., 2014; Yuan, Tan, Xu, Yuan, & Dong, 2015).

Overall, although there are significant amounts of scientific
literature regarding novel thermal heating, hot-air drying, and hot-
air assisted drying; it is noticed that most of these studies are
carried out in isolation with no assessment on the combination of
novel thermal and hot-air drying of agricultural crops, with
particular emphasis on the combination modes, drying conditions,
application, process-quality interaction, drying kinetics, and energy
demand. In view of this, the aim of this review is to highlight some
of the latest practical advancements in combined novel thermal
and hot-air drying of agricultural crops.
2. The need for novel drying methods

Hot-air drying (HAD), in particular, is a widely used method for
preserving agricultural crops, especially during industrial food
production. This method involves the exposure of a product to a
continuous air flow to remove moisture. The theory behind this
process is a complex problem because of the different mechanism
of heat, mass, water and energy transport process. HAD is naturally
harmless and non-toxic, provides a more uniform, hygienic, and
rapid dried product that can have extended life of at least a year,
however, the quality of hot-air dried products are often drastically
reduced (Arslan & Ozcan, 2011; Zhang et al., 2015; Łechta�nska,
Szadzi�nska, & Kowalski, 2015). In addition, this technique leads to
high energy demand and prolonged drying time which could cause
severe shrinkage, reduced bulk density, and rehydration capacity,
especially at high temperatures (Zhang, Tang, Mujumdar, & Wang,
2006). Consequently, the combination of novel thermal techniques
with HAD method (also referred to as novel thermal assisted dry-
ing) has recently gained a significant amount of interest with
several publications and reports on theories, design, applications,
products and drying kinetics. For example, Praveen Kumar, Hebbar,
and Ramesh (2006) studied on the infrared combined HAD of onion
slices under different processing conditions. Shi et al. (2008) tested
the quality of finished product dried using catalytic infrared (CIR)
dryer. The results of their study showed that application of IR
resulted in a reduced drying time when compared to results of
HAD.

Furthermore, the use of combined IR radiation and hot-air (HA)
heating is reported to improve heating efficiency when compared
to radiation or HA heating alone, because of its synergistic effect
(Hebbar, Vishwanathan, & Ramesh, 2004). Datta and Ni (2002)
studied the combined IR, microwave (MW) and HAD of food.
Afzal, Abe, and Hikida (1999) demonstrated the effect of combined
far-infrared (FIR) and HAD on the energy demand of barley and
found a 245% reduction in the total energy required when
compared to results of HAD at 70 �C.

Most agricultural crops, especially fruits and vegetables, con-
tains high MC, thus can be effectively dried using the combination
of two or more different drying methods, because it provides the
synergistic effect (Fig. 1.), reduces total energy requirement, and
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reduces drying time while retaining most quality parameters.
Considering the increased complexities and different agricultural
crops, there is no single general drying method suitable for every
product. However, there have been significant advances in recent
years, regarding approaches that can increase the efficiency of
conventional dryingmethods which showcommercial promise. For
instance, during IR combined HAD orMWcombined HAD, the rapid
heating of agricultural products by either IR or MW radiation in-
creases the rate of water transport to the surface, while the water
vapour formed at the surface is swiftly removed by convective air-
flow.

3. Novel thermal and hot-air combined drying

The drying of agricultural crops is often controlled by mecha-
nisms such as diffusion, and capillary action that occurs in the
porous region (Erbay & Icier, 2010; Onwude et al., 2016a). This can
lead to time constraints due to a high amount of internal resistance
in the product. This resistance can be surmounted with the help of
other heating technologies. A recent study by Moses et al. (2014)
showed that combined novel thermal technology and HAD resul-
ted in significant drying time reduction, increased drying efficiency,
and superior product quality as compared to HAD alone. The ex-
amples covered below include MW combined HAD drying and IR
combined HAD, which are well documented in the literature for the
past 9 years. Recent advances in combined RF and HAD were also
covered.

3.1. Microwave and hot-air combined drying

Electromagnetic (EM) radiation comprises alternating electric
andmagnetic waves. The EMwaves cover a wide range of spectrum
from low-frequency telecommunication, microwaves (MWs), IR, to
gamma radiation. MWs lies in the EM spectrum with frequency
from 300 MHz to 300 GHz (Wray & Ramaswamy, 2015). These
travelling waves proliferate with a distinct measure of time be-
tween the highest points during oscillation, ranging from 331028 to
3310211s (Venkatesh & Raghavan, 2004). Coincidentally, several
molecular transitions including molecular dissociation, various
reactions in water and essentially, dipole and ionic relaxation in
water occur within this range. According to Miura, Yagihara, and
Mashimo (2003), the dipole and ionic relaxation of water can
change from a small-amplitude, high-frequency process around
100 MHz for bound water to 18 GHz for pure water. Consequently,
the dielectric property is often studied when dealing with the
heating effects of MWs.

Moreover, when MW strikes a product, some energy is trans-
mitted, parts of which are reflected while others are absorbed by
the product. The absorbed energy is dissipated as heat, which is
also because of the interaction of the electric field and bounded
charged particle within the product. In perspective, the electric
field component caused the movement of bounded charged parti-
cle within the product until equilibrium is attained between
opposing and electric forces. Consequently, a dipolar polarization is
formed within the product. The process of molecular movement
within the product is particularly fast due to the high electrical field
frequency. For example, there is 2.45 billion cycles/second change
of polarity at MW frequency of 2450 MHz. Subsequently, an intense
heat is created which can grow rapidly as much, as 10 �C per second
(Rastogi, 2012a, 2012b). This heating process results in volumetric
heating of the product (Miura et al., 2003).

The MW drying (MWD) mechanism involves exposing the
product to MW radiation, which penetrates directly into the
product, causing a rapid internal volumetric heating, as a result of
the friction generated by rotating dipoles and ion movement in the
drying product (Miura et al., 2003; Sadeghi, Mirzabeigi Kesbi, &
Mireei, 2013). In addition, during this process, mass transfer oc-
curs due to the generation of vapour within the product, forcing the
water vapour to the surface of the product hence, moisture can
easily be removed. During combined MW and HAD (Fig. 2.), the
established moisture at the surface of the product due to MW heat
can then be removed rapidly from the surface to the atmosphere by
convective air flow with minimal energy requirement. (Amiri
Chayjan, Kaveh, & Khayati, 2014; Kaur & Singh, 2014; Sadeghi
et al., 2013; Soysal, Arslan et al., 2009; Soysal, Ayhan et al. 2009;
Zhang et al., 2006). This method increases drying rate, efficiency
and considerably reduces drying time. Mostly, the ability of MW
radiation to penetrate the product during combined MW and HAD
can lead to controlled, and precise heating, which improves the
drying rate, drying time and quality of agricultural crops.

Zhang et al. (2006) described 3 different MW and HAD combi-
nation sequence: (1) They identified the application of the MW
energy at the start of the drying process, whereby the product's
interior is heated rapidly, causing moisture movement towards the
surface of the product and thereby enabling the easy removal of the
water vapour at the surface to the atmosphere, by the application of
hot air (MW þ HAD). Amiri Chayjan et al. (2014) used this combi-
nation mode (MW þ HAD) for the drying of hawthorn. Similarly, in
recent times, several researchers have applied this combination
mode in the drying of other agricultural crops such as papaya
(Yousefi, Niakousari, & Moradi, 2013), Thompson seedless grape
(Kassem, Shokr, El-Mahdy, Aboukarima, & Hamed, 2011) and
canola seeds (Hemis, Choudhary, Gariepy, & Raghavan, 2015); (2)
by applying MW energy after the initial period of constant rate.
Here, the surface of the product is dry and large portion of the
moisture is situated at the center of the product. At this stage, the
heat is generated internally, and the vapour pressures thereof
causes the movement of moisture to the surface of the product. The
hot air is later introduced after the first falling rate period
(IMW þ HAD). During the intermittent change of the air flux, the
product experiences relaxation due to the constant change in the
flow of air, and the concentration gradients of water will decrease.
Water diffuses to the surface and is readily dispersed to the at-
mosphere on introducing airflow. Soysal, Arslan et al. (2009);
Soysal, Ayhan et al.(2009) investigated the drying of Oregon and
Red pepper using similar approach to IMW þ HAD. A similar report
on apple fruit has also been investigated (Aghilinategh et al., 2015);
(3) by applyingMWduring the second falling rate period or the end
of the entire drying process, when MC is low (HAD þ MW). During
this process, agricultural crops experiences structural shrinkage
which in turn controls the rate of water movement (diffusion), thus
resulting in drying rates reduction. Conversely, during MW þ HAD,
shrinkage of tissue structure can be prevented. Sometimes,
applying HAD þ MWD may enhance the removal of bound water
from the product (Fang et al., 2011; Kaur & Singh, 2014). This
combination mode has been used in the drying of Thompson
seedless grape (Kassem et al., 2011) and beetroot (Kaur & Singh,
2014).

In addition to the above combination modes, simultaneous MW
and hot-air drying process (MW-HAD) has also been studied
extensively, with different temperature, power air velocity, and
modelling combinations. During simultaneous MW and hot-air
drying (MW-HAD), heating is immediate and fast as a result of
sufficient energy transfer within the product, and convective heat
and mass transfer; hence the constant rate period and surface-
center conduction stage are largely eliminated. As drying con-
tinues, additional energy input causes internal generation of heat,
increasing internal temperature, mass transfer and vapour pres-
sure, which results in moisture transfer to the surface, thus
increasing the drying rate (Seremet (Ceclu), Botez, Nistor,



Fig. 2. Schematic of MW-HA dryer. 1. Fan (blower), 2. Preheating elements, 3. Heating elements, 4. Straightener, 5. Velocity sensor, 6. Relative humidity and temperature sensors, 7.
Temperature sensor, 8. Digital colour camera, 9. Microwave oven, 10. Chamber, 11. Load cell, 12. Control unit, 13. Outside temperature sensor, 14. Control panel, 15. Computer, 16.
Monitor, 17. Keyboard (Adapted from: Aghilinategh et al., 2015).
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Andronoiu & Mocanu, 2015).
Several studies have shown the benefits of using combined MW

and HAD of agricultural crops; a list of recent publications in the
past 9 years is presented in Table 1. From the table, MW and HA
combined drying modes are presented in terms of simultaneous
(MW-HAD), which was the most used combination mode,
sequential (MW þ HAD; HAD þ MW) and intermittently
(IMW þ HAD).

3.1.1. Application to agricultural crops

3.1.1.1. Cereals. Table 1 summarizes some of the findings on MW
and HA combined drying of cereals in the past 9 years. Jiao, Xu, and
Jin (2014) studied on the drying and rehydration of hybrid indica
rice in a combined MW-HAD. They mentioned that there was no
constant rate period during the drying process. As expected, the
drying rate of MW e HAD was higher than that for MW alone, and
much greater than HAD. Moreover, the combined drying process
required only 25% of the total drying time of HAD andMWalone (3-
fold faster than HAD). The optimum drying conditions were iden-
tified to be MW power of 300W, and 80 �C.

Similarly, Gowen, Abu-Ghannam, Frias, and Oliveira (2008)
applied MW-HAD in the drying of soybeans. They observed an
increased drying rate at the beginning of the entire drying process
and a subsequent decrease in the drying rate. The increase in the
drying rate at the initial stage is due to “warming-up” of the sample,
when mass losses are small, and due to the short drying duration,
whereas the subsequent reduction in drying rate is due to the
drying out of the sample surface following water evaporation from
the surface of the sample. The best result based on colour, MC, RC
and drying time was recorded at 210W-160 �C and the rehydration
time was 50e60% less than HAD or MW alone, respectively.

3.1.1.2. Fruits and vegetables. Varith, Dijkanarukkul, Achariyaviriya,
and Achariyaviriya (2007) applied combined MW-HAD on peeled
longan. The results of their study showed a unique convexed-
shaped drying rate before falling rate period. This phenomenon is
due to the practical increase in moisture concentration due to MW
power. In addition, this shows a small shrinkage occurrence and
high porosity during the drying process. The drying time during
MW-HAD was reduced by 64.3% and energy consumption by 48.2%
as compared to results of HAD alone. The best drying efficiencies
were 40 �C and 450W-MW for 1.7 h followed by 60 �C with 300W-
MW for 3.3 h.

Sadeghi et al. (2013) reported the findings on combined MW-
HAD drying of Lemon. In the initial drying stage under this com-
bination mode, a short initial drying rate and only 1 falling rate
period were observed (Fig. 3c.), as compared to those of HAD alone
(Fig. 3a) and MWD alone (Fig. 3b). This delay is the warming-up
period, which occurs because of the short drying time experi-
enced during this period for combined MW-HAD. In perspective,
lemon fruit contains high moisture content which enables higher
absorption of MW at the initial drying stage, and therefore, higher
drying rates. In addition, during this combined MW-HAD drying
process, the drying time reduced 17e31 times as compared to HAD.
Similarly, Mirzabeigi Kesbi et al. (2016) demonstrated that the
drying duration of lemon slices was considerably reduced about
20e30 times when using combinedMW-HAD as compared to HAD,
due to the volumetric heating caused by MW energy, consequently
producing an outward flux of rapidly escaping vapour, hence an
increase in drying rate. Drying rate curve indicated only a falling
rate period with a short warming-up period at the beginning of the
process. Improvement in quality parameters of lemon, when
compared with drying using HAD alone, was also observed.

Furthermore, in the drying of oranges, Talens, Castro-giraldez,
and Fito (2016) reported the dominant drying mechanism of sur-
face and evaporation, and MW dissipation with penetration are
coupled (HAD shrinkage and MW swelling). In the same vein,
Alibas (2007) also studied the combined MW-HAD drying of
pumpkin. It was observed that drying time of MW-HAD at 160W-
50 �C was 1.48 times shorter than MWD and, 3.2 times shorter than
HAD (50 �C). Accordingly, the optimum MW-HAD combination is
350 W �75 �C with energy consumption of 0.29 kWh and drying



Table 1
Published data on combined microwave and hot-air drying of agricultural crops in the past 9 years.

Agricultural crops Combination
mode

Drying process conditions Significant findings Modelling approach References

Apple (Red
delicious)

IMWþHAD;
MW-HAD

h ¼ 6 mm; v ¼ 0.5e2 m/s
P ¼ 200e600 W; PR ¼ 2 - 6

MW-HAD had 92% reduction in the drying
time;Deff¼ 1.92�10�8�1.58�10�7;Ea¼ 4.14W/
g

e Aghilinategh
et al. (2015)

Apples (Golden
delicious)

MW-HAD d¼ 2.2mm; h¼ 4mm; v¼ 2m/
s; RH ¼ 35%; T ¼ 50 �C;
P ¼ 300 W

Reduced drying time by 20%; less shrinkage
effect

e Askari et al.
(2009)

Banana (Nendran
Spp)

MW-HAD h ¼ 1e3 mm; v ¼ 1.6 ± 0.2 m/s;
T ¼ 40 �C; P ¼ 100 W

Reduced drying time up to 94%. Semi theoretical Midilli
et al. model

Ganesapillai
et al. (2011)

Beetroots
(B. Vulgaris L.)

HAD þ MW h ¼ 3 mm; T ¼ 55e75 �C;
P ¼ 540e1080 W

Drying time saving of up to 44.2% Semi theoretical Two-
terms model; Semi
theoretical Logarithm
model

Kaur and Singh
(2014)

Broccoli stalk
(Brassica oleracea
L. Var. Italica)

MW-HAD h ¼ 6 mm; d ¼ 23 mm;
v ¼ 1.4 m/s; P ¼ 100 W; T ¼ 40
e60 �C

Drying time of MW-HAD reduced by 42e55%;
Deff ¼ 6.64 � 10�8�13.31 � 10�8m2/s

Semi theoretical Lewis
model

Horrungsiwat
et al. (2016)

Canola Seed
(Brassica napus;
Brassica rapa)

MW þ HAD T ¼ 40e60 �C; P ¼ 0e750 W 97% increase in the drying rate Coupled mathematical
model

Hemis et al.
(2015)

Citrus lemon (Citrus
limon L.)

MW - HAD h ¼ 5 ± 1 mm; v ¼ 1 m/s;
T ¼ 22 �C; P ¼ 180e720 W

e Semi theoretical Midilli
et al. model

Darvishi et al.
(2014)

Green pepper
(Capsicum
annuum L.)

MW-HAD
(simultaneous
and periodical)

L ¼ 3 cm; W ¼ 2 cm;
v ¼ 1.8 ± 0.1 m/s; T ¼ 75 �C;
Effective P ¼ 62 W

MW-HAD had the lowest energy consumption
of 3.3 ± 0.1 kWh, 60% reduction compared with
HAD; MW-HAD had the highest vitamin C
retention of 63.9% as compared to 46.54% of
HAD

e Łechta�nska
et al. (2015)

Hawthorn MW þ HAD P ¼ 270e630 W; V ¼ 0.4
e1.6 m/s; T ¼ 40e70 �C

63.39% shrinkage at 70 �C, 0.4 m/s and 630 W;
Specific energy consumption ranges from
1343.14 MJ/K e 148.85 MJ/K;Deff ¼ 8.81 � 10�9

e 9.29 � 10�10 m2/s; Ea ¼ 27.9e12.25 KJ

Semi-theoretical Midilli
et al. model

Amiri Chayjan
et al. (2014)

Lemon MW-HAD h ¼ 5 mm; d ¼ 5 mm; T ¼ 50
e60 �C; P ¼ 185.5 and 388.5 W;
(specific P ¼ 0.97 and
2.04 Wg�1).

Reduced drying time of about 20e30 when
compared with using HAD alone

Semi theoretical Midilli
et al. model

Mirzabeigi
Kesbi, Sadeghi,
and Mireei
(2016)

MW-HAD h ¼ 5 mm; d ¼ 50 ± 3 mm;
T ¼ 50e60 �C; R.H ¼ 20e95%;
P ¼ 185.5 and 388.5 W (Specific
P ¼ 0.97 and 2.04Wg�1,
respectively)

MW-HAD ¼ 17e31 times reduction in drying
time; Deff increased 21e38 times as compared
to HAD; Deff ¼ 4.116 � 10�9�7.618 � 10�10 m2/
s

Diffusion models
(Dincer and Dost; Crank
models)

Sadeghi et al.
(2013)

Longan MW-HAD T ¼ 40e60 �C; P ¼ 100e450 W;
v ¼ 0.7 m/s

Reduced drying time by 64.3%; Energy by 48.2% e Varith et al.
(2007)

Moringa Olifera
(fruits)

MW-HAD L ¼ 10 mm; d ¼ 10 mm; T ¼ 50
e70 �C; P ¼ 0e750 W; P
density ¼ 1 W/g

MW-HAD at 60 �C with 1W/g was the optimum Semi theoretical Page
model

Dev et al.
(2011)

Mushrooms
(A. bisporus)

MW-HAD d ¼ 1e5 mm; v ¼ 2 m/s;
RH¼ 35%; T¼ 50 �C; P ¼ 300W

Reduced drying time by 34% e Askari et al.
(2009)

Mushrooms
(Lentinus edodes)

MW-HAD T¼ 60 �C; v¼ 1m/s; P¼ 600W;
Power density ¼ 4 W/g

Reduced drying time by 80% when compared
with HAD;

Wang et al.
(2014a,b)

Oranges (Citrus
sinensis)

MW-HAD T ¼ 55 �C; P ¼ 2000W;
v ¼ 2.5 m/s; Energy ¼ 0e6 w/g

e e Talens et al.
(2016)

Oregano (O. vulgare
L. ssp. hirtum)

IMWþHAD;
MW-HAD

T ¼ 40e50 �C; P ¼ 700 W; The
on-off timings used in the
IMW þ HAD ¼ 15 s on 30 s off
(PR¼3.0), 15 s on 45 s off
(PR¼4.0), and 15 s on 60 s off
(PR¼5.0)

ADR ¼ 29.5e59.0 times higher than HAD alone,
3.5e5.7 times higher than IMWþHAD; Specific
energy consumption (SEC), MW-HAD ¼ 12.7
e14.0 times lower than HAD; IMWþHAD ¼ 4.7
e11.2 times more efficient than HAD alone.

e Soysal, Arslan,
et al. (2009)

Papaya (Carica
papaya L.)

MW þ HAD h ¼ 5 ± 1 mm;
AH ¼ 0.6 ± 0.02 g/kg (dry air);
v¼ 0.9 ± 0.1 m/s; T¼ 40e60 �C;
P ¼ 180e900 W; nominal
P ¼ 540 W

e Semi theoretical Page
model, and Two-term
model

Yousefi et al.
(2013)

Potatoes MW-HAD L ¼ 43 mm; W ¼ 50 mm;
h ¼ 100 mm; v ¼ 4.5 m/s;
T ¼ 46.85 �C; P ¼ 300 W

Effective drying usingMW-HAD depends on the
dielectric properties of the material

Multi-physics
modelling; Maxwell
equation

Malafronte
et al. (2012)

Pumpkin (Cucurbita
maxima)

MW-HAD h ¼ 5 mm; L ¼ 40 mm;
W ¼ 20 mm; v ¼ 1 m/s; T ¼ 50
e75 �C; P ¼ 160e350 W

The optimum combination is 350W - 75 �Cwith
energy consumption of 0.29 kWh and drying
time of 31 min.

Semi theoretical Page
model

Alibas (2007)

Red pepper
(Capsicum
annuum L.)

IMWþHAD;
MW-HAD

L ¼ 2.5 cm; W ¼ 2.0 cm; T ¼ 35
e75 �C; P ¼ 697.9e597.2;
PR ¼ 0.0e4.0

HAD drying time was 10.4e19.6 times longer
than MW-HAD and 2.5e11.8 times longer than
the IMW þ HAD

e Soysal, Ayhan,
et al. (2009)

Rice (Hybrid Indica) MW-HAD V¼ 1 ± 0.05 m/s; T¼ 70e90 �C;
P ¼ 210e560 W

OptimumMW-HAD condition ¼ 300 , and 80 �C Semi theoretical Page
model

Jiao et al. (2014)

Soybeans MW-HAD v ¼ 1 ± 0.05 m/s; T ¼ 160 �C
e200 �C; P ¼ 210e560 W

The best result in terms of colour, MC, RC and t
was recorded at 210W-160 �C; Rehydration

Semi theoretical Page
model

Gowen et al.
(2008)
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Table 1 (continued )

Agricultural crops Combination
mode

Drying process conditions Significant findings Modelling approach References

time was 50 & 60% less than HAD & MW alone,
respectively.

Strawberries MW-HAD d ¼ 2.2 mm; v ¼ 2 m/s;
RH¼ 35%; T¼ 40 �C; P ¼ 300W

Reduced drying time by 30%; less shrinkage
effect

e Askari et al.
(2009)

Thompson seedless
grape

MW þ HAD;
HAD þ MW

T ¼ 70 �C; P ¼ 75e900 W Optimum selection percentage (SP %):
MW þ HAD ¼ 78, HAD þ MW ¼ 67, HA ¼ 56;
The best combination was observed to be
MW þ HAD

Semi theoretical Page
model

Kassem et al.
(2011)

Tomatoes (var.
Marglobe)

MW-HAD h ¼ 5 mm; v ¼ 1 m/s; T ¼ 40
e80 �C; Power density ¼ 1.13
e3.11 W/g

84% reduction in drying time to 3.3 h for a safe
moisture at 1.13 W/g- 50 �C; The optimum
drying parameter ¼ 1.13 W/g and 50 �C.

Semi theoretical Page
model

Workneh and
Oke (2013)

Tomatoes
(Lycopersicon
esculentom var.
Roma)

MW-HAD d ¼ 0.04e0.05 mm; v ¼ 2 m/s;
RH¼ 35%; T¼ 55 �C; P ¼ 300W

Reduced drying time by 26% e Askari et al.
(2009)
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time of 31 min. Similar reports on the effect of MW-HAD combi-
nation on the drying time, kinetics, efficiency and modelling
approach of other fruits like apple (red delicious) (Aghilinategh
et al., 2015), apple (golden delicious) (Askari, Emam-Djomeh, &
Mousavi, 2009), strawberries (Askari et al., 2009), citrus lemon
(Darvishi, Khoshtaghaza, & Minaei, 2014), moringa olifera (drum-
stick fruits) (Dev, Geetha, Orsat, Gari�epy, & Raghavan, 2011) and
Fig. 3. Drying rate vs moisture content (a) HAD (b) MW
banana (Ganesapillai, Regupathi, & Murugesan, 2011) have been
well documented as shown in Table 1.

In contrast, Kassem et al. (2011) studied on the comparison
between MW combined HAD (MW þ HAD; HAD þ MW) and HAD
of Thompson seedless grape. The results of their study show drying
time of both MW þ HAD and HAD þ MW decreased drastically as
compared to the HAD. For example, Fig. 4aeb shows the graph of
D (c) MW-HAD (Adapted from: Sadeghi et al., 2013).



Fig. 4. Thin layer drying curves dried by MWþHAD and HADþMW as compared to HAD alone (Adapted from: Kassem et al., 2011).
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the moisture ratio-time diagram of grapes along the drying period
for HAD þ MWD combination. From the figure, it can be observed
that drying time for the combined method reduced drastically
when compared with HAD. Similarly, Fig. 4ced presents the graph
of the moisture ratio-time diagram of grapes along the drying
period for MW þ HAD drying combination. It was also observed
that this method reduced the drying time drastically as compared
to HAD alone.

For vegetables, Soysal, Arslan, et al. (2009) reported on the
intermittent microwave and hot-air combined drying of oregano.
The drying was in two modes namely; IMW-HAD and MW-HAD.
The drying process conditions were temperature range of
40e50 �C, MW power of 700 W. On-off timings used in the
IMW þ HAD were 15s on 30s off, 15s on 45s off, and 15s on 60s off.
The results of their study show that a higher drying rate (DR) for
MW-HAD combination was achieved as compared to HAD. The
average drying rate (ADR) was 29.5e59.0 times higher than HAD
alone, and 3.5e5.7 times higher than IMWþHAD. This increase can
be attributed to the penetration of MWenergy into the sample, and
the simultaneous heat and mass transfer that take place together
with the volumetric heating. More so, MW-HAD had the shortest
drying time (t). The drying time when using HAD was 26.5e52.0
times longer than MW-HAD and 4.7e17.3 times longer than
IMWþHAD. Specific energy consumption (SEC) for MW-HAD was
12.7e14.0 times lower than HAD, while IMWþHAD was 4.7e11.2
times more efficient than that HAD. In addition, an Increase in PR
resulted in a remarkable reduction in SEC. However, MW-HAD
resulted in significant decreased in colour parameters when
compared to HAD and MWD, respectively. The reduction in the
colour valuesmay be due to intense heating as a result of highMWP
of 700 W used during MW-HAD drying.

Soysal, Ayhan, et al. (2009) also applied IMWþHAD and MW-
HAD combination in the drying of red pepper. From the results of
their study, they reported that HAD drying time was 10.4e19.6
times longer than MW-HAD and 2.5e11.8 times longer than
IMWþHAD, depending on the MWP level, Pulse ratio (PR), and
drying temperature (T). IMW þ HAD at 35 �C with PR of 3.0 at
597.20 W resulted in considerable reduction in drying time and
produced final dried product of high quality with improved colour,
textural and sensory attributes. Hemis et al. (2015) also collabo-
rated the effect of MWþHAD on the drying rate of vegetables. They
applied MWþHAD for the drying of canola seed. The drying con-
dition used were temperature range of 40e60 �C and MW power
range of 0e750W. The result of their study showed 97% increase in
the drying rate of canola seed under combined MW þ HAD when
compared to HAD. They identified coupled mathematical model as
the most suitable in describing the drying behaviour of canola seed.
Such a modelling approach can help identify and regulate
overheating.

Horrungsiwat, Therdthai, and Ratphitagsanti (2016) applied
MW-HAD in the drying of broccoli stalk. They observed a reduction
in drying time by 42e55%when compared with HAD alone, and the
effective diffusivity was twice higher than those of HAD. The best
colour retention resulted from the application of MW-HAD at
100W- 40 �C, this led to getting colour parameters (L*, a*, b*) values
of dried product close to those of fresh broccoli stalk. Similarly,
several researchers have studied the combination of MW and HAD
of other vegetables including beetroot, which resulted in higher
water activity, high TSS and improved hardness as compared to
fresh samples (Kaur & Singh, 2014), tomatoes (Askari et al., 2009;
Workneh & Oke, 2013), potatoes (Malafronte et al., 2012) and
mushroom (Askari et al., 2009; Wang, Zhang, & Mujumdar, 2014a),
as presented in Table 1.

Modelling is a useful tool for predicting the drying kinetics of
agricultural crops to select optimum drying conditions, and to
understand the effect of different drying conditions on heat and
mass transfer process (Defraeye, 2014; Erbay& Icier, 2010; Onwude
et al., 2016a). Several mathematical models were used by different
authors to explain the process of water removal from different
agricultural crops during combineMWandHAD (Table 1). Themost
appropriate models in describing the drying process of agricultural
crops using this drying method include Midilli et al. model, Two-
term model, Logarithmic model, Lewis model, Coupled mathe-
matical model, Page model, and Diffusion model. However,
collectively, the Midilli et al. and Page models are the most often
used in describing the drying kinetics of agricultural crops based on
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studies in scientific literature. These models were applicable in
describing the drying kinetics of banana, lemon, hawthorn, mor-
inga orifera, papaya, pumpkin, rice, soybeans, seedless grape, and
tomatoes (see Table 1).

Overall, combining MW and hot-air drying could provide up to
92% reduction in drying time, 97% increase in the drying rate,
reduced shrinkage effect and up to 50% reduction in the required
energy consumption when compared to HAD, depending on the
crop to be dried, crop dimension, drying conditions, and the mode
of combination. Moreover, themost appropriate combinationmode
for drying of agricultural crops, based on the above-mentioned
performance indices, is the MW-HAD combination mode. The
quality of the crops duringMWand hot-air drying can be optimized
by controlling the temperature of the product and the microwave
power, as these 2 parameters have shown to affect the quality of
agricultural crops. The best modelling approach for predicting the
drying behaviour of agricultural crops during combined MW and
HAD drying is the semi-theoretical thin layer models (see Table 1.).
In addition, the simultaneous and periodical combination of MWD
and HAD parameters (e.g. T and P) during single drying process can
increase the overall efficiency of the drying process while main-
taining products quality. More so, to further reduce energy demand
and avoid risk of overheating, it is possible to apply MW both
simultaneously and periodically with hot air in same drying pro-
cess, such a scheme could lead to a decrease in the drying time up
to 68% and low energy consumption of 3.3 ± 0.1 kWh, in compar-
ison with HAD (Łechta�nska et al., 2015).

3.2. Infrared and hot-air combined drying

Unlike MWD, which involves generating heat by the application
of certain EM fields, IR drying (IRD) is carried out by a different type
of EM radiation whose wavelengths ranges from 0.78 to 1000 mm.
IR radiation based on this spectrum is often categorised as near or
short-infrared (NIR or SIR: 0.78e1.40 mm), medium-infrared (MIR:
1.4e3.0 mm), and far-infrared (FIR: 3.0e1000 mm) (Riadh et al.,
2015; Mongpraneet et al., 2004, 2016; Rastogi, 2012a, 2012b). A
solid body exposed to radiation of these wavelengths can absorb
the thermal energy generated in a thin layer at the surface (Nowak
& Lewicki, 2004). IR radiation can be felt as radiant heat flux, which
can be frequently adjusted between NIR-FIR to obtain high drying
rate for different agricultural crops.

When IR energy strikes on an agricultural crop, charges in the
form of vibrational, rotational and electronic states of atom and
molecules are created (Moses et al., 2014; Rastogi, 2012b; Sakai &
Hanzawa, 1994), without necessary heating the surrounding air.
These charges depend on the temperature, and emissivity of the
emitter. During IR heating, maximum radiation can be attained at a
wavelength controlled by temperature level and IR heating ele-
ments (Krishnamurthy, Khurana, Jun, Irudayaraj, & Demirci, 2008).
This concept can be further explained by the laws of blackbody
radiation such as Wien's displacement law, StefaneBoltzmann's
law, and Planck's law (Krishnamurthy et al., 2008; Rastogi, 2012a).

Moreover, for a successful application of IRD on agricultural
crop, the IR radiation properties and that of the particular crop
must synchronize (Nowak & Lewicki, 2004; Ratti & Mujumdar,
2014). Consequently, several researchers have identified the ma-
terial's emissivity, reflectivity, absorptivity and transmissivity as
important properties of interest (Jaturonglumlert & Kiatsiriroat,
2010; Nowak & Lewicki, 2004; Nuthong, Achariyaviriya,
Namsanguan, & Achariyaviriya, 2011; Wang et al., 2014a).
Krishnamurthy et al. (2008) also presented a summary of the ab-
sorption wavelengths of various relevant component for agricul-
tural crops.

IR technology provides improved efficiency for electrical energy
conversion into heat, increased surface heating uniformity,
decreased net heating time, increased retention of product quality
attributes, significant reduction in energy demand, and simple
equipment set-up (El-mesery & Mwithiga, 2015; Sadin, Chegini, &
Khodadadi, 2014). However, the most common application of IR
heating involves combined IR and HAD.

Combined IR and HAD provides a synergistic effect, which often
results in reduced drying time, reduced energy consumption, and
greater efficiency with a higher heat and mass transfer rate. A
schematic view of laboratory scaled combined IR and HA dryer
developed by Nuthong et al. (2011) is shown in Fig. 5. During
combined IR and HAD, energy emitted by the heating element is
transferred to the surface of the product without necessary heating
the surrounding air, thereby minimizing loss of energy. Specifically,
the mechanism of operation for combined IR and HAD of agricul-
tural crops involves the exposure of crop to IR radiation, this in-
creases the molecular vibration at the inner surface layers of the
crop, leading to an increase in the rate of moisture movement from
inside the material towards the surface. Water vapour formed at
the surface of the material can then be easily removed by convec-
tive air, thereby reducing temperature of the product for improved
dried product quality (Praveen Kumar et al., 2006; Hebbar and
Rastogi, 2001).

Similar to combinedMWD and HAD, combination of IR and HAD
has recently received much attention as novel thermal heat drying
method, either to augment or completely replace the conventional
drying technology to improve overall process efficiency. Several
authors have based the advantage of this technology over others on
the synergistic effect and mechanism of operation, which result in
reduced drying time and better quality of dried products. A list of
recent publications in the past 9 years is presented in Table 2. The
table also summarizes the various significant findings and combi-
nation modes, which include: simultaneous IR and HAD (IR-HAD),
and sequential IR and HAD (HAD þ IRD; IR þ HAD) drying of
agricultural crops. More so, some studies expressed IR in terms of
NIR, MIR and FIR, as earlier explained.

3.2.1. Application to agricultural crops
3.2.1.1. Cereals. Tuncel, Yilmaz, Kocabiyik, €Oztürk, and Tunçel
(2010) studied the IR-HAD combination of corn. The results of
their study showed that IR-HAD combination has a positive impact
on the drying time of the entire process. The performance evalua-
tion of their study indicated a 60.7% decrease in the drying time
when compared to drying using HAD, and 28.6% decrease when
compared with IR alone. The reduction in the drying time may be
due to rapid diffusion of water within the product to the surface
due to IR energy and simultaneous removal of water vapour from
the surface to the atmosphere by convective air. This short drying
duration led to lower specific energy consumption (SEC) and higher
amount of carotenoid content of corn as compared to experiments
using HAD or IR alone, respectively.

In a similar manner, Zare, Naderi, and Ranjbaran (2015) argued
that drying using IR-HAD combination results in low SEC, higher
drying rate, and shorter drying time at constant intensity and ve-
locity when compared with HAD drying. This method did not
significantly affect the quality of paddy when compared with dry-
ing using HAD. A different combination mode was used in the
drying of parboiled rice. The sequential HAD þ IRD combination
was adopted as reported by Bualuang, Tirawanichakul, and
Tirawanichakul (2013). They observed a shortened drying time
due to higher heat andmass transfer coefficient, increase in the rate
of diffusion as the IR intensity increases, and higher head rice yield
compared to HAD and IR, respectively. They also noticed that the
yellowness and whiteness were significantly affected by combined
HAD þ IRD.



Fig. 5. A typical laboratory scale combined IR and HA dryer (Adapted from: Nuthong et al., 2011).
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3.2.1.2. Fruits and vegetables. El-mesery and Mwithiga (2015)
investigated the performance of combined IR - HAD of apples.
They observed a higher drying rate (7.40 g/g of dry matter per min)
when compared with HAD (4.16 g/g of dry matter per min). In
addition, there was 57.5% reduction in drying time as compared to
drying using HAD. The SEC of HAD was 488% higher than that using
IR-HAD. The dryer efficiency was reported to be 57.76% using
combined IR-HAD while that of HAD was 10.8%. They also investi-
gated the effect of drying on the colour of apple. It was noticed that
the total colour difference of apples dried using IR-HAD was lower
compared to those dried using HAD. This is because of the shorter
drying time required to when using the combined mode as
compared to longer drying time required during HAD.

In a separate study, Ponkham, Meeso, Soponronnarit, and
Siriamornpun (2012) observed that the reduced drying time dur-
ing IR-HA combined drying of pineapple is as a result of an increase
in IR intensity which increases the rate of moisture removal and
product temperature, leading to higher heat and mass transfer and
lesser drying time. This observation was collaborated by Chen et al.
(2015) in the combined short-medium IR and HAD of jujube fruit.
They also reported a 33e83% reduction in the total drying time of
HAD, when using the combined method. The drying rate values
using SMIR-HAD were 2 times higher than those of HAD
(80e90 �C). The higher drying rate maybe due to higher heating
efficiency as a result of IR intensity.

Conversely, Nuthong et al. (2011) argued that the reduced dry-
ing time during combined IR-HAD is due to the combined effect of
temperature and IR power. However, Nathakaranakule, Jaiboon,
and Soponronnarit (2010) observed that the effect of IRP at
higher temperatures above 60 �C becomes less significant during
the drying of Longan. Jaturonglumlert and Kiatsiriroat (2010) also
studied on the combined Far-IR and HAD of Longan. They observed
that reduced drying time was due to increased heat flux from
1.9 kW/m2 (HAD) to 4.20 kW/m2.

Motevali et al. (2011) demonstrated that combined IR-HAD can
be used as an alternative to conventional methods for postharvest
drying of vegetables such as mushroom. IR-HAD achieved a
decreased drying timewith increasing IR intensity. The drying time
was shorter when compared to HAD. Wang et al. (2014a) attributed
the short drying time (55% reduction of HAD) during the combined
MIR-HAD of mushroom to the rapid heating of the crop by IR en-
ergy, which intensifies the rate of moisture migration towards the
surface of the product, while the convective air flow ensures the
simultaneous moisture evaporation from the surface to the atmo-
sphere, thereby reducing the total drying time and energy
requirement. This is not the casewhen drying using only HAD. They
also reported that MIR-HAD gave a better-uniformed product than
HAD, with minimal shrinkage and lower hardness upon
rehydration. Similar findings have been reported by
Mihindukulasuriya and Jayasuriya (2015). They observed a 60%
reduction in drying time when compared with HAD alone during
the IR-HAD of ripe chilli. However, the quality characteristics, in
terms of capsaicin content and colour were similar to those dried
using HAD alone.

Sadin et al. (2014) described the effect of IRP in the combined IR-
HAD of tomatoes. Using IR power of 1.5 kW, and distance between
IR emitter and the sample, de (10e70 cm), they observed that
drying rate is directly proportional to IR Power. They also demon-
strated that an increase in de increases drying time due to the
reduction of heat transfer to the product. In the same vein,
Vishwanathan, Hebbar, and Raghavarao (2010) studied the com-
bined IR-HAD of carrot. They observed a reduced drying time of
about 48% when compared to results of HAD. Carotenoid retention
was also higher by 14% as compared to HAD.

On the other hand, Łechta�nska et al. (2015) demonstrated the
sequential combined IR and HAD of green pepper. They observed
about 38± 2.7% reduction in drying time when compared to HAD.
Rapid increase in the drying rate only at the beginning of the drying
process, due to the application of only IR, was also observed. The
increased drying rate, only at the start of the drying process can be
explained by the wetness of the material before the commence-
ment of the drying process, thus the rate of moisture removal from
the surface to the atmosphere increases. Later, when the surface
moisture reduces and more moisture concentrate towards the
interior of the crop, the influence of IR on the crop decreases due to
its surface action and weak penetration into the material. Hence,
the introduction of HA. This process is done periodically until safe
moisture is attained. The drawback of using this combination mode
can be seen in the increase in energy consumption from
6.5 ± 0.1 kWh to 6.9 ± 0.1 kWh, and a low vitamin C retention
(16.86%) when compared to HAD (46.54%).

In terms of modelling approach, the most appropriate models in
describing the drying process of agricultural crops using combined
IR and HAD included Page, Two-term, Logarithm and Gab models.
These models were applicable in describing the drying kinetics of
dill, jujube and rice (see Table 1).

Collectively, the increase in drying efficiency and the significant
reduction in drying time using the combined IR and HAD could be
attributed to the synergistic effect, and the combined effect of IR
power, intensity and air temperature. During combined IR - HAD
method, the heat transfer is achieved by simultaneous convection
and radiation process thereby accelerating the entire drying pro-
cess. In addition, the simultaneous IR - HAD combination mode
proved to be more effective than the sequential approach which
results in increased energy demand when compared with IR e

HAD. The simultaneous combination of IR e HAD resulted in a



Table 2
Published data on combined infrared and hot-air drying of agricultural crops in the past 9 years.

Agricultural crops Combination
mode

Drying process conditions Significant findings Modelling
approach

References

Apples (Golden
delicious cv.)

IR-HAD h ¼ 5 ± 1 mm; IRI ¼ 2000 W/
m2; T ¼ 60 �C; v ¼ 0.6 m/s

57.5% reduction in drying time; SEC of HAD
was 488% higher than that of IR-HAD; Dryer
efficiency using IR-HAD ¼ 57.76% while
HAD ¼ 10.8%; △E was shorter compared to
that of HAD.

e El-mesery and
Mwithiga (2015)

Carrot (Daucus carota
L.)

IR e HAD d ¼ 25 mm; h ¼ 5 mm;
v ¼ 1.4 m/s; T ¼ 80 �C; l ¼ 2.4
e3.0 mm

RR ¼ 11.4%; Carotenoid retention was
higher by 14% as compared to HAD; BI value
(100.53) compared to HAD (107.49);
Deff ¼ 4.81 � 10�8 as compared to
2.28 � 10�8

e Vishwanathan
et al. (2010)

Chilli (Pickino) IR-HAD T ¼ 50e70 �C; l ¼ 2.4e3.0 mm HAD consumed 33.5% more power than IR-
HAD

Mihindukulasuriya and
Jayasuriya (2015)

Corn (Zea mays) IR e HAD v ¼ 1 m/s; T ¼ 45 �C;
IRP ¼ 0.8 kW; de ¼ 90 mm

Lower SEC value compared with HAD;
Higher carotenoid content compared to
HAD and IR alone, respectively.

e Tuncel et al. (2010)

Dill (Anethum
graveolens L) greens

MIR-HAD v ¼ 1.3 m/s; T ¼ 50 ± 2 �C;
RH ¼ 50e60%

e Semi theoretical
Page model

Madhava Naidu
et al. (2015)

Green pepper
(Capsicum annuum
L.)

IR þ HAD
(periodically)

L ¼ 3 cm; W ¼ 2 cm;
v ¼ 1.8 ± 0.1 m/s; T ¼ 75 �C;
IRP < 240 W depending on
temp and MC

Increased energy consumption from
6.5 ± 0.1 kWh to 6.9 ± 0.1 kWh; lowest
value of VC retention (16.86%) due to high
temperature of 75 �C as compared to 46.54%
when using HAD.

e Łechta�nska
et al. (2015)

Jujube (Zizyphus jujube
cv. zhanhuadongzao)

SMIR-HAD v ¼ 2.11 m/s; IRP ¼ 1125 W;
de ¼ 11 cm; T¼ 60e90 �C; l¼ 1
e4 mm

Deff was 2 times higher than HAD ranging
from 9.01 � 10�8�2.28 � 10�7 m2/s

Semi theoretical
Two terms model;
Logarithm
model

Chen et al. (2015)

Longan FIR - HAD d1 ¼ 15 mm; d2 ¼ 25 mm;
T ¼ 65 �C; RH ¼ 10e90%;
IRP ¼ 250e450 W; IRI ¼ 0.6
e1.2 Wcm�2; l ¼ 7e1000 mm

FIR had less effect at higher drying
temperature

e Nathakaranakule
et al. (2010)

Longan (Dimocarpus
longan lour)

FIR e HAD v ¼ 0.5 m/s; T ¼ 300e500 �C;
de ¼ 10e30 cm; IRP ¼ 800 W
(maximum)

shorter drying time due to increased heat
flux from 1.9 kW/m2 (HAD) to 4.20 kW/m2

e Jaturonglumlert
and Kiatsiriroat (2010)

Longan (Edor) IR e HAD d ¼ 25e30 mm; IRP ¼ 300
e700 W; T ¼ 40e80 �C; v ¼ 0.5
e1.5 m/s

Higher air temperature and IRP led to high
drying rates.

e Nuthong et al. (2011)

Mushroom IR-HAD v ¼ 5 m/s; RH ¼ 30± 2%;
IRI ¼ 0.49e0.22 W/cm2; T ¼ 40
e60 �C

Drying time decreased with increasing IR
intensity

e Motevali, Minaei,
Khoshtaghaza, and
Amirnejat (2011)

Mushrooms (Lentinus
edodes)

MIR-HAD l ¼ 2.4e3.0 mm; IRP ¼ 400 W;
d e¼ 14 cm; T ¼ 60 �C;
v ¼ 1.0 m/s

MIR-HAD gave a better uniformed product
than HAD; minimal shrinkage was
observed; lower hardness upon rehydration

e Wang et al. (2014a,b)

Paddy IR - HAD v ¼ 0.10e0.2 m/s; T ¼ 30
e50 �C; IRI¼ 2000e6000W/m2

At lower IRI, percentage cracked paddy was
lower compared with HAD at same
temperature; Best condition is 30 �C,
0.15 m/s and 2000 W/m2

e Zare et al. (2015)

Pineapples FIR e HAD h ¼ 15 mm; d1¼3.0 cm;
d2 ¼ 9.0 cm; v ¼ 0.5e1.5 m/s;
IRI¼ 1e5 kW/m2; T¼ 40e60 �C

Increased in intensity increased moisture
removal rate and product temperature

e Ponkham et al. (2012)

Potatoes (Solanum
tuberosum L.)

IR - HAD L ¼ 17 mm; W ¼ 17 mm;
h ¼ 5 mm; v ¼ 1.4 m/s;
T ¼ 80 �C; l ¼ 2.4e3.0 mm

RR 12.5%; Lower BI value (32.48 ± 0.44)
compared to HAD (42.53 ± 1.11);
Deff ¼ 3.65 � 10�8 as compared to
1.37 � 10�8

e Vishwanathan et al. (2010)

Rice (Perboiled) HA þ IRD
(sequential)

v ¼ 1 ± 0.2 m/s; T ¼ 60e100 �C;
IRP ¼ 1000e1500 W; RH ¼ 11
e87%

Deff increased with increased IRI; Higher
HRY compared to IR alone; Yellowness and
whiteness were significantly affected.

GAB model Bualuang et al. (2013)

Tomatoes IR- HAD h ¼ 5 mm; v ¼ 0.6e1.1 m/s;
T ¼ 60e80 �C; l ¼ 3e4.2 mm;
IRP ¼ 1.5 kW; de ¼ 10e70 cm

Drying rate is directly proportional to IRP;
increased de increases drying time due to
reduction of heat transfer to the product

e Sadin et al. (2014)
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reduction in the drying time of up to 60% (cereals) and up to 83%
(fruits and vegetables) depending on IR power when compared
with drying using HAD. Also, the efficiency of this process was
improved (58% of HAD). The specific energy consumption required
during HAD of agricultural crops can be up to 488% higher than
combined IR e HAD. Furthermore, combined IR and HAD method
provided final products with great quality. Combined IR-HAD of
agricultural crops was found to be dependent on the drying con-
ditions used, the power level, the combination mode and the type
of the crop. Thus, there is a need to determine the optimum drying
conditions when applying this dryingmethod on agricultural crops.

3.3. Radio-frequency and hot-air combined drying

Radio frequency (RF) waves are the EM radiations with fre-
quencies between 1 and 300 MHz (Shinde, Das, & Datta, 2013). In
radio frequency applications of agricultural crops, such as drying,
the mechanism of operation involves generation of heat as a result
of the interaction between EM field and polarized molecules in the
crops which are either of bipolar or ionic nature. The product is
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placed between two electrodes where the alternating energy from
electric field generated by RF generator, results in polarization. The
resulting alternation of the electric field causes the polar molecule
in the product to likewise alternate. This leads to friction which
creates heat energy throughout the product (Marra, Zhang, & Lyng,
2009; Piyasena, Dussault, Koutchma, Ramaswamy, & Awuah,
2003).

RF drying (RFD) method has been seed to provide better pene-
tration depth, enhanced heating uniformity and more stable
product temperature (Marra et al., 2009; Wang et al., 2011). Several
authors have outlined the early applications of RF for drying of
wood (Balakrishnan, Vedaraman, Sundar & Muralidharan 2004),
paper (Balakrishnan et al., 2004), textiles (Balakrishnan et al.,
2004), bakery (Chou & Chua, 2001), and pharmaceutical products
(Piyasena et al., 2003). However, apart from Murphy, Morrow, and
Besley (1992), most of these applications, which involve non-
agricultural crops such as wood, were carried out extensively
either using RF drying alone or a combination of RF-vacuum (Dziak,
2008; Koumoutsakos, Avramidis, & Hatzikiriakos, 2001; Li & Lee,
2008).

Evident suggest that the most successful application often
combine two or more technologies (RF-HA, RF-HP, etc.). While the
application of combined MW-HAD and IR-HAD in the drying of
agricultural crops is well established to some extent, the use of
combined RF and HAD of agricultural crops has not been well
researched on in the recent years, despite the enormous advan-
tages associated with using this technique.

Wang et al. (2014a) studied the drying of mushrooms using
combined HA-RF drying. They observed a 46.7% reduction in the
drying time when compared with drying using HAD. The drying
efficiency was higher than that of HAD, due to the variations in the
modes of energy transmission of the different drying methods. In a
similar manner, Wang et al. (2014b) studied the drying of Macad-
amia nuts using combined RF-HAD system (Fig. 6). They demon-
strated that during RF-HAD, an initial rapid increase in the drying
time was observed and slowed thereafter. The drying curve
generally followed a typical exponential decay, showing an internal
mass transfer inside the material. The results of the quality study
showed that while the overall quality was reduced, the values were
still within limits acceptable to the nut industry.

Shinde et al. (2013) examined the performance of hybrid
HA þ RF dryer (HA þ RFD) during the sequential drying of tea
leaves, using power emission between 20 and 16 kW. They
observed that RF penetration has significant effect on the drying
rate and quality attributes of different leaves. There was reduced
drying time when compared with HAD. They also stated that the
nature and condition of the material to be dried affects the drying
rate. It was also stated that tea leaves were macerated, leading to
reduced size, and dried faster than others. The energy consumption
Fig. 6. A typical schematic view of a pilot-scale combi
using combined HA þ RFD were the lowest when compared with
HAD and RF alone, with only 40% of the HAD energy demand.

In summary, the energy consumption using thismethod is lower
compared to that of conventional HAD, and can be up to 40% of the
HAD energy demand. It was also observed that the nature and
condition of the material to be dried affects the drying rate.

4. Conclusion

Recent advances in drying technology have seen enormous
amount of interest on hybrid or hurdle (combined) technology as a
future potentially effective and viable method for drying of agri-
cultural crops, largely to increase overall process efficiency, by
reducing processing time and energy, and preserving the important
quality attributes of agricultural crops. In this sense, the use of
novel thermal technologies in combination with hot-air drying
presents several potential benefits to food, and agricultural pres-
ervation and processes. The recent application of novel thermal
technologies (MW, IR, and RF) combined with hot-air drying of
agricultural crops, specifically, cereals, fruits, vegetables, and oil
seeds, are reported and summarized in this paper.

The scientific literature reviewed have shown that combined
MW and HAD provides distinctive opportunities in the develop-
ment of advanced agricultural crops drying technologies. The most
significant advantage of combining MWand HAD is the substantial
reduction in the drying time and energy consumption as well as,
increase in the drying rate and overall efficiency. However, mech-
anism of heating, and quality of the final dried products using this
method still presents a great challenge that needs further investi-
gation. Similarly, the application of IR and HAD drying of agricul-
tural crops has been shown to be a promising novel technology due
to its penetration speed and mechanism of heating, reduction in
drying time and energy consumption, and improvement in the
quality of dried products, however its penetrating powers and
depth are still limited. This investigation has further revealed that
the combination of RF and HAD has great potential in drying of
agricultural crops.

In regards to modelling of agricultural crops using these tech-
nologies, the most often used models are the semi-theoretical and
empirical models. However, different models were seen to describe
the drying process of different crops. For combined IR and HAD, less
than 18% of researchers modelled the drying process of agricultural
crops using this method. This knowledge gap could be a basis for
future research domain. Therefore, for effective optimization of
existing systems, and design of new concepts, further investigation
is required. A modelling approach that will minimize or eliminate
experimental trials, and can be applied to a wide range of crops,
irrespective of the mode of heat transfer is indispensable.

In terms of cost and practical difficulties in adopting these
ne RF-HA dryer (Adapted from: Wang et al., 2010).
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technologies, the MW and RF are the most expensive to set up and
difficult to adapt to HA dryers. More so, for combined RF and HAD,
the configuration and optimization of the dryer parameters is very
difficult due to the RF mode of transmission. In addition, RF com-
bined HAD requires advance knowledge of the electrical properties
of agricultural crop to be dried, adding to the positioning of the
electrodes which have to be in contact with the crop during drying.
This makes the whole drying process to be expensive and
cumbersome. Furthermore, it is quite difficult to recover heat/en-
ergy during combined MW and HAD or combined RF and HAD,
when compared to IR and HAD or HAD alone. This is as a result of
high MW and RF power needed during the drying processes. All,
these are some of the limitation associated with adopting this
technology on an industrial scale. However, the advantages of using
these methods are enormous thus, further studies on the design
and optimization of combined MW and HAD, and RF and HAD
systems are encouraged. Optimization can be carried out by the use
of generic algorithm to determine the best process conditions,
operation parameters, and energy/exergy requirements. Embedded
simulation software, and automated thermographic system can be
developed to help monitor the entire drying process, making the
process less cumbersome thereby increasing the overall drying
process efficiency. On the other hand, the combination of IR and
HAD presents greater potential due to its affordability and
adaptability.

In general, the combination of MW and HAD, and IR and HAD
were adequate in increasing the overall drying process efficiency of
cereals, oilseeds, fruits and vegetables when compared with HAD
alone. On the other hand, the combination of RF and HAD was
found suitable for enhancing the drying process of only vegetables.
In addition, while the use of MW and IR combined HAD have been
established to some extent, even in the industry, the application of
RF combined HAD must continue to be developed and extensively
researched on, as it provides great potential for advance agricul-
tural dried crops. Moreover, the variations in the results (e.g. drying
time, efficiency, drying rate and energy consumption) of various
agricultural crops may be attributed to differences in drying
equipment (Non-standardized laboratory scaled set-up) and drying
conditions, these variations and the development of commercial
scale hybrid dryers could also be basis for future research.

In conclusion, there are numerous amount of research on drying
time, drying rate, and energy consumption as shown in this study.
However, there are few research on the quality attributes of agri-
cultural crops during combined novel thermal and HAD. This gap in
knowledge could be a serious setback in the commercialization and
industrialization of most combined novel thermal and HAD tech-
nology, hence a basis for future research. Nonetheless, in terms of
product quality, uniformity, drying characteristics, and practical
adaptability, combined IR and HAD (IR e HAD) dried agricultural
crops resulted in better drying efficiency. Thus, taking into account
the above, and cost of drying operation, IR-HAD can be considered
as the best combined novel thermal and HAD method for agricul-
tural crops. For increased overall process efficiency, combination of
IR-HAD with MW or other novel-thermal technology (e.g RF or
inductive heating) would be of great potential. Due to the increased
synergistic effect, this combination method could achieve greater
reduction in drying time, optimum energy usage, premium product
quality and efficient industrial applicability.
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Glossary

M0: Initial moisture content (g water/ g dry solid)
Me: Equilibrium moisture content (g water/ g dry solid)
MC: Moisture content (g water/ g dry solid)
SP: Optimum selection percentage (%)
RR: Rehydration ratio
AH: Absolute humidity (g/m3)
t: Time (s)
W: Width (m or mm)
DM: Dry matter
RC: Rehydration capacity
P: Power (kW)
SEC: Specific energy consumption
PR: Pulse ratio
DR: Drying rate (kg/kg min)
ADR: Average drying rate (kg/kg min)
Vs: Sample volume (m3)
Va: Ambient air velocity (m/s)
h: Thickness (mm)
L: Length (mm)
L: Wavelength (mm)
G: Frequency (Hz)
de: Distance between IR emitter and sample (cm)
T: Temperature (�C)
Ta: Ambient temperature (�C)
v: Air velocity (m/s)
RH: Relative humidity (%)
HAD: Hot-air-drying or Hot-air-dryer
HA: Hot-air
MWD: Microwave drying
MW: Microwave
IR: Infrared
IRD: Infrared drying
VD: Vacuum drying
HP: Heat pump
IRP: Infrared power (W)
IRI: Infrared intensity (W/m2)
Pd: Power density (W)
P: Power intensity (W/m2)
SR: Shrinkage ratio
L*: Lightness index
a*: Redness index
b*: Yellowness index
△E: Total colour change
Deff: Effective moisture diffusivity (m2/s)
Ea: Activation energy (kJ/mol)
BI: Brownness index
SMIR: Short-medium- infrared radiation
VC: Vitamin C
HRY: Head rice yield
SFR: Shear force ratio
MIR: Mid-infrared radiation
FIR: Far-infrared radiation
RF: Radio frequency
RFD: Radio-frequency drying
E: Electric field strength (V/cm)
hc: Cylindrical height (m or mm)
Pt: Pulse time (s)
Rt: Recovery time (s)
IH: Inductive heating
N: Pulse number
EM: Electromagnetic
CIR: Catalytic infrared
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