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Abstract This review paper included the recent progress
made in heat pump assisted drying, its principle, mechanism
and efficiency, type and its application for drying of
agricultural produce. Heat pump assisted drying provides a
controllable drying environment (temperature and humidity)
for better products quality at low energy consumption. It has
remarkable future prospects and revolutionaries ability. The
heat pump system consists of an expansion valve, two heat
exchangers (evaporator and condenser), and a compressor,
which are connected by using copper tubes. In this paper we
also provided a review discussion on different type of heat
pump assisted drying system ready for remarkable and
commercial use in different type of food industries. Here we
also have given some major advantage and disadvantage of
heat pump assisted drying.

Keywords Heat pump . Assisted drying . Fruits and
vegetables . Efficiency and control

Introduction

Drying is an indispensable process in many food industries
and in many agricultural countries, the large quantities of
food products are dried to improve shelf life, reduce
packaging cost, lower shipping weights, enhance appear-
ance, encapsulate original flavour and maintain nutritional
value (Chou and Chua 2001). The primary objective of
drying is to remove moisture from the food so that bacteria,
yeast and mold cannot grow and spoil the food. The

economic consideration, environmental concerns and product
quality aspects are the main three fold goal of drying process
research in food industry (Okos et al. 1992). The big market
for dehydrated fruits and vegetables increases importance of
drying for most of the countries worldwide (Funebo and
Ohlsson 1998). For example, the dehydrated products and
their market worth of some countries are given in the
Table 1.

India’s export of dried and preserved vegetables has
increased from Rs. 364.11 crores (USD Million 82.25) in
2005–06 to Rs.424.06 crores (USDMillion 94.07) in 2006–07.
The major importers of Indian dried and preserved vegetables
are Russia, France, U.S.A, Germany and Spain. So, to obtain
good economic return, the proper long term storage of fruits
and vegetables required. For this, these products need to be
dried to low moisture contents (Anon 2009).

However, drying slows down the action of enzymes
(naturally occurring substances which cause foods to ripen),
but does not inactivate them, and also these methods of
drying allows some lowering in nutritional value of the
products e.g. loss of vitamin C, and changes of colour
(Arabhosseini et al. 2010) and appearance that might not be
desirable. For example, air-drying is the most common
method in the drying of foodstuffs but this method leads to
serious injuries such as the worsening of the taste, colour
and nutritional content of the product, decline in the density
and water absorbance capacity and shifting of the solutes
from the internal part of the drying material to the surface,
due to the long drying period and high temperature
(Yongsawatdigul and Gunasekaran 1996; Lin et al. 1998;
Maskan 2001). To avoid all these discrepancies, drying
should be in control manner.

Nevertheless, control is the word of well being for
everyone and for everything i.e. experiment/or activity/or
function, when we follow and apply it in our daily life.
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Often human being as well as all other living organism does
feel very well when they found themselves in controlled
atmosphere. In the same way, when we do any experiment/
research in controlled atmosphere/process, the result do
found excellent than the uncontrolled environment/process.
Ultimately, if we talk about controlled technologies the
result will be not only economical, efficient and time saving
but also should have good quality. So, by adopting such
technologies, we can save energy and time, which is
today’s demand. Heat pump assisted drying is an example
of one of such technologies in which temperature and
humidity do control. The other conventional dryers found
in the food industry are spray dryers, freeze dryers, vacuum
dryers, tray dryers, rotary dryers, fixed bed dryers, fluidized
bed dryers, etc. (Mujumdar and Law 2010).

Drying is an ancient, popular and well known unit
operation or method for preservation of food materials. But
due to more energy and time consumption it has limited
application for drying of fruits and vegetables i.e. higher
moisture content food material/more susceptible to perish.
While in the case of heat pump assisted drying, it is an
energy-efficient process because the heat is recoverable
and has lowest operating cost. However, the economic
feasibility of the heat pump dryer (HPD) is debatable so
far, because of using high grade energy (electricity) and
now a question is arising which drying system will be
more feasible and efficient, and how it can be recognise
etc. Although tray, rotary, flash, spray, fluidized bed,
vacuum, freeze and batch dryers are classified as
conventional, there is great number of areas suitable for
further improvement. Mujumdar (2007b) has identified
various areas and aspects that need further research and
development efforts. Some of the areas (including limitations)
and characteristics addressed by researchers in recent years
have been given in the Table 2.

Furthermore, far better results and to complete all, our
today’s need, reasons of recommendation for selection of
heat pump assisted drying, the most rapid emerging
technology, for agricultural produce are given in this paper.
In this paper we have provided a basis and reasons of
advocating of heat pump assisted drying. Since the
selection of drying equipment and method should be

governed on the basis of low energy consumption.
Prasertsan and Saen-saby (1998) have showed that heat
pump drying (HPD) had the lowest operating cost when
compared to electrically heat convective dryers and direct-
fired dryers. Reay and MacMichael (1988), Mc Mullen and
Morgan (1981) and Heap (1979) have dealt with the
fundamentals of operation and applications of heat pump.
Some recent work conducted on heat pump drying of
selected food products has been given in Table 3.

Heat pump assisted drying

Heat pump-assisted drying is a type of hybrid or combined
drying. Hybrid or combined drying technologies include
implementation of different modes of heat transfer, two or
more stages of the same or different type of dryer. The heat
pump assisted drying get by addition of heat pump to the
drying processes that can be made in several different ways
and also there are some of the most promising methods,
heat pump drying and heat pump assisted drying, being
used in food industries so far. In these methods, the
efficiency of drying concerning both energy, time of
process, and dictates intensive research. Since, the amount
of heat absorbed by a wet material in a dryer varies from 5
to 10% of the supplied energy (Lazzarin 1994, 1995). The
95–90% of this energy may be recovered by means of a
heat pump assisted drying, leading to substantial energy
savings. Vázquez et al. (1997) suggested that the use of
driers with heat pump as an alternative method to dry fruits
and vegetables with lower values in consumption of energy,
relative humidity and temperatures. According to Best et al.
(1996), the low temperature and better control in the heat
pump assisted drier showed several advantages. So, heat
pump assisted drying is an excellent alternative to tradi-
tional drying systems. The test of a R-114 heat pump
dehumidification system was carried out by Tai et al.
(1982a, b) and it has been proved that the heat pump
assisted drying is more efficient and a lot of theoretical
analysis of heat pump assisted dryers can also be found in
literatures. Figure 1 shows, a typical arrangement for a heat
pump assisted dehumidifier.

Table 1 Dehydrated products and their worth

Products         Country/World       Worth (in US$)       References 
& Year       

Dehydrated vegetables,                       Japan Statistics Bureau, 

Instant dried soup &         Japan, 1998             7.6 billion                   2000                       

Seaweed 

Dehydrated vegetables     China, 2003             800 million            Liu 2003 

Dehydrated vegetables     Europe, 1990s   260 million            Tuley 1996 

Raisin production      World, 2009             323 million               FAS Online 2009 
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Table 2 General characteristics of some conventional dryers and suggested areas for further improvement

Dryer
type

General characteristics General characteristics

Tray Materials are placed on trays and directly make contact with drying
medium (typically hot air)

Uniformity of air flow distribution

Heat transfer mode is typically convective. Uniformity of final product quality and moisture content

Conductive is possible by heating tray Hybrid mode by combining with the microwave heat input

Rotary A cylindrical drying chamber rotates while material tumble in the
chamber

Precise prediction of particle motion, particle residence time
distribution and uniformity of final moisture content

Drying medium (typically hot air) is charged into the chamber
contacts the material in cross flow

Effect of polydispersity and cohesiveness of solids on drying
kinetics

Flights are used to lift the material Design of flights, internal heat exchangers, delumpers

Internal heat exchangers installed to allow conductive heat transfer Effect of solid holdup and hot air injection on drying kinetics

Model-based control

Flash Flash dryer is used to remove surface moisture. Material is charged
into a fast moving drying medium stream, drying occurs while the
drying medium conveys the material pneumatically

Modeling of particle motion including effects of agglomeration
attrition and geometry of dryer

Cyclone is normally used to separate the drying medium and the
material

Use of pulse combustion exhaust, superheated steam, internal heat
exchangers, variable cross-section ducts, hot air injection along
length of dryer duct

Spray Atomizer mounted on top of a drying chamber sprays liquid/
suspension and forms droplets

Effects atomizer design on droplet trajectories, product properties,
agglomeration, size reduction

Drying medium (typically hot air) is supplied into the chamber
concurrently or counter currently

Effect of chamber geometry

Hot air exits the chamber at the chamber outlet and carries dried
powder

Injection of supplementary air

Separation of hot air and powder takes place in Cyclone Use of superheated steam

Uniformity of product quality and final moisture content

Fluidized
Bed

Similar to fixed bed dryer but operating hot air velocity is higher to
ensure the particles are suspended in the sir stream

Effect of particle moisture content/polydispersity on fluidization
hydrodynamics, agglomeration, heat and mass transfer

Large contacting surface areas between the drying medium and the
material if compare with fixed bed dryer

Effect of agitation, vibration, pulsation, acoustic, radiation on drying
kinetics and characteristics

Conventional fluidized bed is not suitable for drying fine powders
(due to channeling and slugging) and coarse particles (due to
formation of big bubbles)

Design of internal heat exchangers

However, modified FBD such as vibrating FBD, agitating FBD, etc.
can be used to dry difficult-to-fluidized particles

Classification of particle type based on fluidization quality at
varying particle moisture content and stickiness

If the materials are polydispersed, the hot air stream may carries
over some fine particles

Mathematical modeling of fluidization hydrodynamics, heat and
mass transfer by taking into account agitation, vibration, pulsation,
internal heat exchanger, varying particle moisture content, etc.

A cyclone is used to separate the fine particles from the gas stream Over 30 variants possible

Vacuum Need to maintain high vacuum; expensive Combined mode of heat transfer, e.g., MW vacuum drying

Drying chamber is operated at reduced pressure or vacuum Hybrid drying, e.g., vacuum superheated steam drying, etc.

Boiling point of water/solvent is reduced thus reducing the operating
temperature

Use of internal heating media

However, absence of drying medium in the vacuum drying chamber
disables convective heat transfer but enhances mass transfer at low
temperatures

Enhancement in drying kinetics by incorporating radiant heat input,
internal heating media, etc.

Freeze Vacuum freeze drying is expensive in terms of capital costs and
operating costs due to very low vacuum required at very low
temperature

Use of magnetic/electric/acoustic fields to control nucleation and
crystal size of ice during freezing; permits better quality product

Drying times are long; most operated batchwise

Suitable only for very high value products like pharmaceutical
products

Batch
dryer

Not all dryers can operate in batch mode Effects of intermittent/cyclic/variable heat inputs and variable
operating profiles on drying kinetics and characteristics as well as
product quality

Good for low capacity needs Use of heat pump including chemical heat pump

Tray, rotary, drum, fixed bed, fluidized bed vacuum dryers etc. can
be operated batchwise

Reduction in labor costs

Model-based control

Intermittent drying

Mujumdar and Law (2010)
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For the better result, Cartwright (1987) described the
modelling of the heat pump assisted dryer and Baines and
Carrington (1988) conducted a simulation analysis where
they were studied different configurations and the effects of
modifications of basic design. In the heat pump assisted
drying process two component viz., the heat pump and the
actual drying material, treated separately (Alves-Felho et al.
1998). The basic design, principles and mechanism of heat
pump assisted dehumidification can be found in literatures
provided by Reay 1979, and Reay and MacMichael 1979.
Furthermore, heat pump drying can also be incorporated
with other drying methods such as spray drying (Alves-
Filho et al. 2009), atmospheric freeze drying (Alves-Filho
and Eikevik 2009; Bantle et al. 2009), and solar drying
(Chen et al. 2008). Table 4 shows an overview of some heat
pump assisted dryers, applications, conclusion of the
systems and references used in the agricultural sector.

Principle and mechanism

The basic principle of heat pump assisted drying (hybrid) is
same as that of heat pump drying (pure) heat pump can be
thought of as a heat engine operating in reverse (Lu 2007).
The heat pump works on the principle of refrigeration that
cools an air stream and condenses the water contained in it.
This renders the air dry and recovers the latent heat of
evaporation through water vapour removal which permits
air recirculation. According to Gac et al. (1988), heat pump
is a thermodynamic system whose function is to heat at the
required temperature with the aid of heat extracted from a
source at lower temperature. So, heat pump is such device
which designed to utilise low temperature sources of energy
which exist in atmospheric air, lake or river water and in the
earth. These sources are referred to as “ambient energies”.
Heat pump can also be operated using “waste heat” from

Table 3 Recent work conducted on heat pump drying of selected food products

Researchers Application(s) Conclusions

Meyer and Greyvenstein (1992)
(South Africa)

Grain There is a minimum operating period that makes the HPD more economical
than other dryers

Rossi et al. (1992) (Brazil) Vegetable (onion) Drying of sliced onions confirmed energy saving of the order of 30% and
better product quality due to shorter processing time.

Mason and Blarcom (1993)
(Australia)

Macadamia nuts –

Strommen and Kramer (1994)
(Norway)

Marine products (fish) The high quality of the dried products was highlighted as the major
advantage of HPD and introducing a temperature controllable program to
HPD makes it possible to regulate the product properties such as porosity,
rehydration rates, strength, texture and colour.

Prasertsan and Saen-saby (1998);
Prasertsan et al. (1997) (Thailand)

Agricultural food drying
(Bananas)

HPD is suitable for drying high moisture materials and the running cost of
HPD is cheap making them economically feasible

Chou et al. (1998, 2001); Chua et
al. (2000) (Singapore)

Agricultural and marine The quality of the agricultural and marine products can be improved with
scheduled drying conditionsProducts (mushrooms, fruits,

sea-cucumber and oyster)

O’Neill et al. (1998) (New Zealand) Apple Produces products with a high level of open pore structure and contributing
to the unique physical properties

Strommen et al. (1999) – HPD with hydrocarbon and natural working fluids can save significant
amounts of energy; ammonia was found most favorable refrigerant in the
temperatures (30–80 °C).

Oktay et al. (2003) (Turkey) Wool The SMER was between 0.65 and 1.75 kg/kWh. COP was between 2.47 and
3.95.

Teeboonma et al. (2003) (Thailand) Fruits (papaya and mango
glace)

Developed and validated mathematical models; the effects of initial moisture
content, cubic size and effective diffusion coefficient of products on the
optimum conditions of HPD are also investigated. Exergy and energy
analysis was made.

Kohayakawa et al. (2004) (Brasil) Mango The energy efficiency improved compared with an electrical resistance dryer

Hawlader et al. (2006) (Singapore) Apple, guava and potato Modified atmosphere heat pump dryer produced better physical properties.

Chegini et al. (2007) (Iran) Plum Optimum temperature of drying for plums is in vicinity of 70–80 °C; also
SMER was notably more than conventional dryers.

Aktaş et al. (2009) (Turkey) Apples A system which is composed of the combination of both dryers is
considered to be more efficient

Daghigh et al. (2009)
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commercial and industrial processes (Newbert 1985) and
thereby upgrading this to the required temperature level for
some thermal process operations (Mc Mullen and Morgan
1981) and since heat pump is an electric device with both
heating and cooling capabilities. It extracts heat from one
medium at a lower temperature (a low grade source) and
transfers it to another at a higher temperature (high grade
sink), thereby cooling the first and warming the second (Lu
et al. 2005) (Fig. 2).

The heat pump dryer consists of a conventional drying
chamber with an air circulation system and the usual
components of an air-conditioning refrigeration system.
The drying air is dehumidified by the evaporator (cooling

section of the refrigeration cycle) and reheated by the
condenser of the heat pump. The maximum drying
temperature is determined by the condensing temperature of
the refrigerant used. Heat pump drying is essentially a low-
temperature process which can be controlled from −20 °C to
70 °C by selecting an appropriate refrigerant and regulating
the compressor capacity and air flows within the system.
In the preliminary studies, the dried products quality
compared between the heat pump dried and hot air dried
products, and proved that the color and aroma of the first
ones are better (Prasertsan and Saen-saby 1998). Still
many works have been done to increase the efficiency of
the drying by convection, mainly using heat pumps and
the succeeding research gave an idea of heat pump
assisted-drying that provides a controllable drying envi-
ronment (temperature and humidity) for better products
quality at low energy consumption.

Further advancements have been made in heat pump
drying which employ loop thermosyphons, which are a
type of heat pipe (Phaphuangwittayakul et al. 2000). A
loop thermosyphon consists of evaporator and condenser
sections, with tubes connecting the two sections. When
the working fluid is condensed, it is returned to the
evaporator due to gravity (Phaphuangwittayakul et al.
2002). Phaphuangwittayakul et al. (2000) placed the loop
thermosyphon around the evaporator of the heat pump
dryer, to first pre-cool the air before entering the heat
pump evaporator and then reheat the air after the
evaporator. Phaphuangwittayakul et al. (2002) numerically
studied the effects of by-pass air ratios and the fraction of
recirculation air on the heat transfer characteristics of a
heat pump dryer, with and without a loop thermosyphon.

Fig. 1 Schematics diagramme of a heat pump assisted dehumidifier
(Reay 1979; Reay and Macmichael 1979)

Table 4 Summary of some heat pump assisted dryer (HPAD)/related work to HPAD in agricultural sector

HP assisted dryer/
related work to
HPAD

Application Conclusion References

HP dehumidifier
assisted dryer

Grain Mechanically feasible but not attractive economically due to low fuel
prices prevailing at the time.

Flikke et al. (1957)

HP assisted dryer Grain Marginal energy saving but has some economic drawback (high capital
cost), over drying and risk of spoilage due to mold growth.

Brook (1986)

HP assisted Dryer Seed Accelerated drying process without elevating the temperature, less
expensive to operate than traditional natural gas fired systems and
produces high quality seed.

Fritz et al. (1990)

HP assisted
microwave dryer

Sliced carrot and whole
root ginger

Higher product through put with low SMER. Jia et al. (1993)

HP assisted fluidized
bed dryer

Pharmaceutical
products, fruits and
vegetables

Low energy consumption due to high SMER and COP, and high products
quality

Alves-Filho and
Strommen (1996a,
b, c)

Close loop solar
assisted HP dryer

Material sensitive to the
direct sunlight

Control temperature and humidity in the drying chamber. Since system
deal with environmental changes.

Zafri et al. (2007)

Simulation model of
HP assisted dryer

Garlic and white
mulberry leaves

Applicable to drying herb, adaptable to examine effects of humidity and
temperature of dried air to calculate the yield of the dried products with
low deviation

Phoungchandang
(2009)
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Phaphuangwittayakul et al. (2003) furthered their research
by building a heat pump dryer with a loop thermosyphon to
dry longan fruit. However, according to Baker (1997), heat
pump drying is an extremely expensive drying process. To
solve this problem Chua et al. (2002a) suggested that the
break even period for initial capital cost can be significantly
reduced through lower operating cost and higher output
volume. Chua et al. (2002a) further stated that the
performance of any dryer can be defined with respect to its
capacity or energy effectiveness.

The thermal characteristics of HPD and system perfor-
mance can be evaluated in terms of the amount of heat
recovered at the evaporators, MER (moisture extraction
rate i.e. kilogram of moisture removed per hour) that
indicates the dryer capacity, SMER (specific moisture
extraction rate i.e. Kilogram of moisture removed per
kilowatt-hour) which defines the effectiveness of energy
used in drying process and the energy efficiency of heat
pump which gives by the COP (coefficient of performance
i.e. the ratio of heat rejected at the condenser to the work
used by compressor). In their review on HPD, Perera and
Rahman (1997) stated that HPD has higher drying
efficiency, offers better product quality, and it is environ-
mentally friendly. SMER values ranged from 1.0 to 4.0,
0.72 to 1.2 and 0.12 to 1.28 kg·kW-1·h-1 for HPD,
vacuum drying, and hot air drying, respectively. Drying
efficiencies were 95% for HPD, less than 70% for vacuum
drying, and between 35 and 40% for hot-air drying. A
schematic diagram of heat pump dryer has been given in
Fig. 3b.

Rossi et al. (1992) compared the performance of an
electrical heating drying with and without heat pump assisted
drying for onion and they reported that the drying time can
be saved by 40.7% and electrical energy by 40% in heat
pump assisted drying. Pendyala et al. (1986) enunciated that
the sensitivity of the economics of heat pump assisted dryers
to various factors such as design, economic and operational
variables can be assessed for Indian conditions when

payback period adopted as a criterion. For the specific,
typical conditions and the current costs of electricity and
steam in India, a heat pump assisted dryer has a payback
period in the range of two to 3 years.

So it can be conclude that the performance of other
drying methods can be assessed during commercial scale
operation by adding heat pump. Sosle et al. (2001)

Fig. 2 Energy flow from low temperature source to high temperature
sink (Lu et al. 2005)

 Pump Dryer Thermocouples

i. Evaporator            A-Blower -Dry bulb 

ii. Compressor  B-Drying Chamber -Wet bulb 

iii. Condenser  C-Flow Control -high pressure line 

iv. Refrigerant Recipient D-Electric Resistance -Low pressure line

v. Sight Glass -Butterfly Valve 

vi. Filter dryer 

vii. Thermostatic Valve 

a

b

c

Fig. 3 a Schematic diagramme of heat pump circuit (Lu and Charters
2003). b Schematic diagram of main components of heat pump dryer
(Daghigh et al. 2009). c Schematic diagram of the complete heat pump
dryer (Kohayakawa et al. 2004)
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investigated its economical role for agricultural food
materials and they confirmed that HPD is useful for
materials with high initial moisture content and in regions
with high humidity of ambient air. There are some heat
pump assisted drying came into their existence in food
industries so far. For example, heat pump assisted solar
drying, micro-wave drying, infrared drying, fluidized bed
drying, atmospheric freeze drying, radio frequency drying
and chemical heat pump assisted drying etc.

Performance evaluation

The overall performance of a HPD may be characterized by
several criteria. Among them, the COP, the SMER (Hawlader
et al. 2003; Clements et al. 1993; Mason et al. 1994) and the
individual losses: can be determined by performing an
exergy analysis of the whole system, have been used by
many researchers (Schmidt et al. 1998). So, in order to
obtain the performance of the conventional heat pump,
knowledge of the thermodynamic properties is required
(Abou-Ziyan et al. 1997). Daghigh et al. (2009) carried out a
regression analysis to correlate thermodynamic properties of
refrigerant (R134a) from −50 °C to near critical point of each
refrigerant and modeled heat pump drying system mathe-
matically. However, the computer simulation model can be
regarded as a combination of a dryer model and a heatpump
model. The dryer model used in the simulation was
originally developed by Chen and Pei (1989), Jolly et al.
(1990) and Chou et al. (1997), while the heat pump model
was developed by Jolly et al. (1990). Recently, Phoung-
chandang (2009) simulated model for heat pump-assisted
dehumidified air drying system to calculate the yield of dried
products.

Mathematical modeling

Figure 3(a) represents the schematic diagram of heat
pump dryer system. The system consists of two heat
exchangers as condenser and evaporator, a thermostatic
expansion valve a compressor, drying chamber, supporting
structure and casing. The heat pump system and the chamber
are attached together so that it becomes one unit. The heat
from the condenser will produced hot and will use to heat the
material in chambers and the cold heat from the
evaporator will be use in dehumanization process.
However, in general, simulation can be used to study
variations in system or component configurations in
order to identify critical parameters (Pendyala et al.
1990).The starting point of a heat pump model is the
description of the operation of a heat pump in terms of
mathematical relationships. The main parameters of the

compressor are volumetric efficiency (ηvol), refrigerant
mass flow rates (mr) and compression power (W)
(Pendyala et al. 1990) (Fig. 3b).

hvol ¼ 1� C ðCRÞ1=n � 1
h i

ð1Þ

mr ¼ VstNi 1=n1ð Þhvol ð2Þ

W ¼ mr h2 � h1ð Þ ð3Þ
Applying the energy equation for a mass m of refrigerant

in the evaporator yields:

Q1 ¼ m h1 � h4ð Þ ð4Þ
The heat rejection in the condenser is given by:

Qcond ¼ QDesuperheating þ Qcondensation ð5Þ
Where C is the clearance percentage, CR is the

compression ratio and n is air constant, V is the
displacement volume (m3), m is mass flow rate (Kg/s), ν
is the specific volume (m3/kg), Q is rate of heat transfer
(kW) and h is the specific enthalpy (KJ/Kg).

The heating coefficient of performance for the heat pump
(COPh)

For an ideal refrigeration system operating between a
condenser temperature of TC and an evaporator tempera-
ture of TE, the maximum heating coefficient of perfor-
mance, COPc;h was obtained from the Carnot cycle
(Cengel and Boles 1998) as:

COPc;h ¼ TC
Tc� TE

ð6Þ

For normal application/a mechanical vapor compression
system, the net energy supplied is usually in the form of
work, mechanical or electrical, and may include work to the
compressor and heat pumps. The contribution of other
sources, such as the circulating fan, is comparatively small.
Therefore, the heating COP for the whole system was not
taken into account (Hawlader et al. 1998). We here used the
compressor power consumption Wc to represent W. Thus,
the coefficient of performance (COP) is:

COP ¼ Qcond

W
ð7Þ

The specific moisture extraction rate

This can be defined as the energy required to remove 1 kg
of water and may be related to the power input to the
compressor (SMERhp) or to the total power to the dryer
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including the fan power and the efficiencies of the electrical
devices (SMERoverall), as given by (Jia et al. 1990;
Hawlader et al. 1998; Schmidt et al. 1998).

SMER ¼ md

WC
ð8Þ

and

SMERoverall ¼ SMERhp

ð1þWC=Wf Þ hel ð9Þ

where md is the drying rate in kg water per hour, Wf is the
power input to the fan and gel is the electrical efficiency. A
schematic diagram of the complete heat pump dryer has
been given in Fig. 3c.

The individual losses

The individual losses can be determined by performing an
exergy analysis of the whole system, which will be a
subject of future work.

Performance evaluation of heat pump assisted drying
systems

The heat pump itself received all the attention, either as a
dehumidifier or as a heater, and its effectiveness was often
described with disregard of the drying process downstream.
However, early research related to heat pump assisted
drying had a narrow focus regarding the assessment of
performance. Strommen (1986) suggested the term thermal
efficiency, which was an indicator of the dehumidification
of air. Since, a comparison of various processes can be
made by considering the overall performance expressed by
rating figures or the individual losses during the course of
the state changes (Schmidt et al. 1998).

h ¼ r � XC � XBð Þ
ðhC � hFÞ ¼ r

dh=dx
ð10Þ

SMER ¼ COP

dh=dx
¼ W

E
ð11Þ

SEC ¼ T

W
ð12Þ

Where ἡ is the thermal efficiency, r is the latent heat of
evaporation of water (kJ/kg), X is the absolute water content
in air (kg water/kg dry air), h is the enthalpy of air (kJ/kg dry
air), B is dryer inlet, C is dryer outlet, F is the point between
the evaporator and the condenser, SMER is specific moisture
extraction rate (kg/kW.h), COP is coefficient of performance
of the heat pump (the ratio of cooling capacity to the power),

SEC is the specific energy consumption, T is total energy
consumed (MJ), W is the total moisture removed (kg) and E
is the total energy input (kW.h).

Prasertsan et al. (1996a) introduce a term called dryer
efficiency, which is defined as a percentage of the
difference of absolute humidity of the air passing through
the dryer with respect to the difference between the process
air and saturated air. The dryer efficiency indirectly meant
to represent the drying rate of the product. Based on this
concept, the drying process divided into different zones
described as high, medium and low dryer efficiency.

Exergy analysis

Exergy is the work that is available in a gas, fluid or mass
of material, as a result of its nonequilibrium condition
relative to some reference condition. The exergy concept is
a child of the second law of thermodynamics and its
implications are discussed by Haywood (1974a, b),
McCauley (1983) and Soma (1983). Jorgensen (2001),
Dincer and Cengel (2001), Brodyansky et al. (1994), Moran
and Sciubba (1994), McGovern (1990) and O’Toole and
McGovern (1990) provide good discussion of the funda-
mental concepts of exergy as well as some reviews.

In the absence of a universal framework for efficiency
analysis in drying, exergy analysis seems to be a suitable
technique. Exergy analysis compares real performance to the
ideal one in which there is no or little external of
supplementary driving force required. When there is an
external contribution to the driving force, the process occurs
faster, but with greater exergy loss (Feng et al. 1996).

Little application of the exergy principles has been seen
in food industry. Carrington and Baines (1988) pointed out
that theoretically, the only unavoidable loss in a heat pump
system was due to the humidification of air in the drying
chamber. The unavoidable losses are closely related to the
actual thermodynamic losses in heat pump dryer, and it is
remarked that careful design can limit the total losses. Ying
and Canren (1993) break up the exergy change into the
physical and chemical components in an analysis related to
the heat pump assisted drying and Topic (1995) presented
the exergy analysis of a high-temperature forage drying
process.

Type of heat pump assisted drying

Heat pump assisted solar drying

Solar heat pump systems provide a real capability of
upgrading low-grade energy sources from the surroundings
as well as using solar energy (Charters et al. 1980; Lu and
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Charters 2003). Sporn and Ambrose (1955) described an
attempt at harnessing solar energy to improve the overall
performance of a heat pump system and the use of a
combined solar-heat pump rice drying system is being
developed by Best et al. 1994, as an alternative to
conventional mechanical dryers. They modified 7 kW R-22
air conditioning units and combined with a solar collector in
their equipment, for a more precise control of temperature
and humidity. Fatouh et al. (2006) designed and constructed
a heat pump assisted dryer to investigate the drying
characteristics of various herbs.

A solar-assisted heat-pump dryer and water heater has
been designed, fabricated and tested by Hawlader et al.
(2003) and they investigated the performance of the system
under different meteorological conditions of Singapore.
Latter, Hawlader et al. (2006) evaluated the performance of
solar-assisted heat-pump dryer and water heater again in the
tropics, and a simulation programme was developed by
them. After comparing between both results, they reported
that the total drying time of the product decreases with the
increase in drying potential. Drying potential is directly
proportional to the air flow rate, drying air temperature and
inversely proportional to the air relative humidity. Three
important parameters that affect the system performance are
solar radiation, compressor speed and the total load placed
in the drying chamber. Zafri et al. (2007) has development a
solar assisted heat pump dryer using the multifunctional
solar collector and they reported that this one is extension

to this technology, which partially powered by solar
radiation to sustain the power.

Abou-Ziyan et al. (1997) has presented two serial solar-
assisted heat pump (SAHP) systems: solar assisted R22 and
R134a for low temperature applications. A schematic
diagram of the solar assisted heat pump drying system
using multifunctional solar collector by Othman et al.
(2008) shown in Fig. 4.

Heat pump assisted infrared drying

Infrared drying has been found more important, as the subject
of investigation, by recent researchers and Paakkonen et al.
(1999) infrared drying improve the quality of herbs and
Zbicinski et al. (1992) suggested for intermittent irradiation
drying mode coupled with convective air for heat sensitive
food products. Since this mode of operation (convective
followed by intermittent irradiation) ensure faster initial
drying rate due to the direct transfer of energy from heating
element to the product surface without heating the surround-
ing air (Jones 1992). There are much evidence that infrared
(IR) drying helps to reduce the drying time by providing
additional sensible heating to expedite the drying process.
Schematic diagram of IR assisted heat pump dryer has been
given in Fig. 5.

Oktay and Hepbasil (2003) evaluated the performance of
a heat pump assisted mechanical opener drying system.
They reported that the dryer is capable of extracting

Fig. 4 The schematic diagram of the solar assisted heat pump drying system using multifunctional solar collector (Othman et al. 2008)
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specific moisture with extraction rates ranging from 0.65 to
1.75 kg/kW h and the heating coefficient of performance of
the dryer was found between 2.47 and 3.95, depending
upon condenser and evaporator temperatures.

Radio frequency assisted heat pump drying

Radio Frequency (RF) energy generates heat volumetrically
within the wet material by the combined mechanisms of
dipole rotation and conduction affects which speeds up the
drying process (Marshall and Metaxas 1998). Latter on
Marshall and Metaxas 1999 described radio frequency
assisted heat pump drying of crushed brick and they
combined radio frequency energy with heat pump batch
drier, and showed several improvements resulting from the
combination drying process. They also developed a
simplified mathematical model of the dryer, using mass
and energy conservation. According to Thomas (1996)
radio frequency heat all parts of the product mass and
evaporate the water in situ at relatively low temperature.
They suggested that the limitation of heat transfer in
convectional drying with hot air alone can be overcome
by combining radio frequency heat with conventional
convective drying. The schematic diagram of RF assisted
heat pump dryer has been given in Fig. 6.

Despite of the clear advantages of heat pumps and high
(radio) frequency heating that offer for drying, the
combination of these two techniques until recently has not
been studied. A series of experiments carried out compris-
ing a motor driven heat pump which was retro-fitted with
the ability of imparting RF energy into a material at various
stages of the drying cycle are described and compared with
a mathematical model. A schematic diagram of RF assisted
heat pump dryer is given in Fig. 7. Since RF-assisted heat
pump drying is a relatively new technology there is not

much published data concerning energy, performance, and
quality issues. Marshall and Metaxas (1998) proved that the
combined use of pulsed radio frequency heating with heat
pump drying improves the specific moisture extraction rate
(SMER) of the system due to reduce electrical energy
because of RF heating. The pulsed drying configuration
shows a slight reduction in COP for R12 radio frequency
assisted heat pump drying and with respect of product
quality. The RF-assisted heat pump drying reduces dis-
colouring of dried products, especially those that are highly
susceptible to surface colour change. Also, cracking caused by
stress due to uneven shrinkage during drying, can be elim-
inated by RF assisted drying (Kudra and Mujumdar 2002)

Heat pump assisted microwave drying

MW drying offers opportunities to shorten the drying time
and improves the final quality of the dried products but
MW drying alone has some major drawbacks that includes
uneven heating, off flavour (Clark 1996; Nijhuis et al.
1998), possible textural damage due to puffing (Nijhuis et
al. 1998) and limited penetration depth of the MW field
into the products (Wang et al. 2003). According to Wang et
al. (2003), MW power at 915 MHz penetrates to a greater
depth than does at 2,450 MHz, in large-scale drying
applications; the penetration depth is still much smaller
compared to that attained in radio frequency (RF) heating at
10–300 MHz. Other drying methods can be combined to
overcome some of these drawbacks of single MW drying.
The MW drying can also be combined with heat pump
drying (Jia et al. 1993). Jia et al. (1993) worked on HPD
assisted MW drying and reported that heat pump assisted
MW drying competed well with conventional hot-air
drying, having lower SMER and higher product through-
put. Further, Jia et al. (2003) carried out a simulation study

Fig. 5 Schematic diagram of IR
assisted heat pump dryer (Chou
and Chua 2001)
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on combined convection and MW heating using potato and
carrot as model materials and it was found possible to
predict the bulk drying rate of the product and the overall
performance of a heat pump assisted microwave dryer,
combining a simplified microwave power distribution
model with the heat pump dryer model (Jolly et al. 1990).
Jia et al. (1993) constructed a prototype heat pump assisted
microwave dryer and developed a corresponding mathe-
matical model to investigate the feasibility and the
performance of heat pump assisted microwave drying of
agricultural produce. In their study they reported that the
experimental and numerical results were in good agreement
and the validation of the heat pump model, drying chamber
model and the combined heat pump assisted microwave

drying model was detailed in research papers published by
researchers.

In the design of combined microwave and convective
drying systems, there have always been uncertainties
relating to when the microwave power should be applied
during the drying process. According to their preliminary
experimental results, Bhartia et al. (1973) suggested that for
highly hygroscopic materials, it was more beneficial to
apply the microwave energy in the latter stages of the
drying process. Turner and Jolly (1990) studied this
problem using a mathematical drying model and their
conclusion was that it was more beneficial to apply
microwave power in the initial stages of the drying if the
dielectric properties of the material to be dried were highly

Fig. 6 Schematic diagram of
RF assisted heat pump dryer
(Chua et al. 2002a, b)

Fig. 7 Schematic diagram of
the prototype HPAMW dryer
(Jia et al. 1993)

152 J Food Sci Technol (March–April 2012) 49(2):142–160



dependent on moisture content and the converse was
observed for the case that the material dielectric properties
were highly temperature dependent.

Furthermore, to determine the performance of the
combined heat pump microwave dryer for drying products
having a commercial value, the sliced carrots and whole
root ginger were tested by Jia et al. (1993). In their study
they reported that the sliced carrots had an initial moisture
content of approximately 83% (wet basis) and was dried to
a finial moisture content of 42% (wet basis). The
experimental results of this test were showed throughput
18 kg/hr and SMER 1.6 kg/kWh when input power was
3.3 kW. However, in the case of ginger, had an initial
moisture content of approximately 87% (wet basis) and was
dried in the prototype dryer to a moisture content of 55%
(wet basis) with two magnetrons in operation, the through-
put and bypass air ratio were found 8 kg/hr and 66% when
input MW power was 3.2 kW. Comparing these results with
the drying of sliced carrots, it is apparent that both SMER
and product throughput have dropped significantly. This
low drying efficiency was attributed to the high hygroscop-
icity of the ginger. As well, the tough outer skin of the
ginger made moisture diffusion to the ginger’s surface more
difficult (Jia et al. 1993). However, the outward flux of
vapour and generated vapour pressure during MW-assisted
drying, can help to prevent the shrinkage of tissue structure
(Feng et al. 2001).

Funebo and Ohlsson (1998) described MW-assisted air
dehydration of apple and mushroom and they concluded
that the drying time for apple and mushroom was reduced
with the use of MW-assisted drying in whole air drying
process (MDWAD). So, in general, the MW-related drying
can meet the four major requirements in drying of foods:
speed of operation, energy efficiency, cost of operation and
quality of dried products (Gunasekaran 1999). A schematic
diagram of the prototype heat pump assisted microwave
(HPAMW) dryer has been given in Fig. 7.

Andres et al. (2004) studied the drying kinetics of apple
cylinders under combined hot air MW dehydration. Ruiz et
al. (2003) modelled dehydration and hydration of orange
slices in combined MW/air drying. Despite the low levels
of MW power used in their study, a sharp reduction in
drying time of orange slices was obtained. Maskan (2001)
investigated MDWAD drying of banana, a very difficult
product to dry with traditional hot air drying method. In
order to prevent significant quality degradation, MW-
assisted vacuum drying is introduced to replace the
conventional hot airflow drying. To overcome the drawback
of vacuum drying, MW-assisted combination drying with
vacuum has been investigated to speed up the process.
Most microwave assisted vacuum drying (MWVD) studies
have been focused on the fruits and vegetables so for that
needs the ‘puffing’ quality in the final product. But the

same method can also be applied to other food products,
such as parboiled rice and shrimp (Lin et al. 1998).

Heat pump assisted fluidized bed and atmospheric freeze
drying

Experiments performed on various heat sensitive materials
such as pharmaceutical products, fruits and vegetables have
shown that fluidized bed drying offers a better product
quality but higher cost. Since this technique produces a
premium quality product, the incremental increase in drying
cost may be offset by the higher market value fetched by
these better quality products (Chou and Chua 2001). The
use of fluidised bed dryers for drying many types of food
materials is limited because of the irregular particle sizes
and sticky nature of the products. As heat pumps are very
efficient for removing 70–80% of initial moisture and most
semi-dried products are not sticky, the fluidised bed
principle could be applied in combination with a more
common configuration of heat pump dryer to enhance
performance considerably. If a properly sized fluidised bed
(or bin dryer) is used in series with a heat pump dryer, in
such a way dehumidified hot air first enters the fluidised
bed and then passes through a drying cabinet (main section
of conventional heat pump dryers currently used in
industry), the performance of the system can be increased
by two- or threefold, depending on the drying character-
istics of the product being dried. This can be achieved
without increasing the compressor power of the heat pump
itself. A schematic diagram of a heat pump fluidized bed
dryer has been in Fig. 8.

Fluidized bed dryers incorporating heat pump drying
mechanism have been developed at the Norwegian Institute
of Technology (Alves-Filho and Strommen 1996a, b, c;

Fig. 8 Schematic diagram of a heat pump fluidized bed dryer (Law
and Mujumdar 2007)
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Strommen and Jonassen 1996). According to Alves-Filho
and Strommen (1996a, b, c), this set-up can produce drying
temperatures from 20 to 60 °C and air humidity ranging
from 20 to 90%. The advantages offered by heat pump
fluidized bed dryer are: low energy consumption due to
high specific moisture extraction rate (SMER), high
coefficient of performance (COP), drying temperature can
be regulated within the range of −20 °C to 110 °C,
environmental friendly and high product quality (Lawand
and Mjumdar 2007). Islam and Mujumdar (2004) have
classified many types of heat pump dryers. Much research
works have been done on various types of heat pump dryer,
viz, fluidized bed heat pump dryer (Alves-Filho and
Strommen 1996a, b, c; Strommen et al. 2002). Klocker et
al. (2002) presented the design of a batch cabinet heat
pump dryer using CO2 as the working fluid. Alves-Filho
(2002) proposed a new type of fluidized bed heat pump
dryer that uses CO2 as the refrigerant. Chua et al. (2002a,
b) studied the effect of different temperature profile on the
quality of the dried product and developed a dual purpose
heat pump dehumidifier dryer.

Combining atmospheric freeze-drying (AFD) with a prop-
erly designed heat pump system (HP) results in an energy-
efficient drying process. This combination makes HP-AFD
competitive with vacuum freeze-drying (VFD). The advan-
tages of AFD compared to VFD are lower production costs
and the ability to manufacture a similar porous product (Bantle
et al. 2009). An atmospheric freeze-drying (AFD) process as
described by Claussen et al. (2007a) is more economical and
gives product qualities similar to VFD (Donsi et al. 2001). A
schematic diagram of heat pump assisted atmospheric freeze
drying system has been given in Fig. 9.

Chemical heat pump assisted drier

The chemical heat-pump is a cost-effective: using waste
heat to provide industrial process heat, using waste heat to
provide space-heating and cooling, and as an off-peak heat-
pump (re-concentration by electricity). Chemical heat
pumps (CHPs) provide high storage capacity and high heat
of reaction as compared to sensible heat generated by
absorption (Ogura et al. 2004).

Ogura et al. (2002) put forward the study on a chemical
heat pump (CHP) assisted convective dryer and they
used CaO/H2O/Ca(OH)2 gas-solid reversible hydration/
dehydration reaction to store and recover heat from the
dryer exhaust air to enhance the thermal efficiency of the
dryer. In their study, they reported that the CHP unit can be
operated to increase the temperature level and also to
dehumidify the air, which is a particularly attractive feature
for drying. Ogura et al. (2005) again worked on heat pump
dehumidified dryers for control strategy of chemical heat
pump dryer and reported that the hot air temperature can
be controlled by adjusting the reactor temperature and
pressure. However, in another study, Ogura et al. (2003)
had documented on enhancement of energy/efficiency of a
chemical heat pump-assisted convective dryer. They
reported that the chemical heat pump (CHP) unit can be
used to recover waste heat from dryers and reuse it by
storing and releasing heat with upgrading the temperature
or by dehumidification. However, the final thermal energy
production efficiency of the CHP for drying was found to
be low but the CHP-assisted convective dryer system is
found to be energy-efficient over a wide temperature range
of industrial interest. A schematic diagram of CHPD

Fig. 9 Schematic diagram of
heat pump assisted atmospheric
freeze drying (Bantle et al.
2009)
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system using CaO/H2O/Ca(OH)2 reaction operating in
heat enhancement mode has been given in Fig. 10.

Ogura et al. (2007) examined characteristics of chemical
heat pump (CHP) for heat storage and heat release in
repetitive operation and they found input/output heat of the
CHP in repetitive operation that can be controlled by the
special pressure adjustment procedure such as instant
vacuuming or additional vacuuming for pressure-
temperature control of the CHP reactor. In the case of
CaO/H2O/Ca(OH)2 hydration/dehydration system, the
CHP was found to produce controlled-temperature, hot/
cold heat, in a repetitive operation using chemically stored
energy during both heat-storing and heat-releasing steps.

Assessments of agricultural produce

Dried products are gaining popularity, despite considered to
having the lowest quality among processed foods. Increasing
demands and higher trading in the market are predicted for
dried foods (Strumillo and Adamiec 1996). Over the last four
decades, research has been carried out on the use of multiple
drying methods to obtain with superior quality along with
reduced energy consumption due enhanced heat and mass
transfer. Since the heat pumps were traditionally considered
to be supplementary devices in drying equipments, the heat
pump assisted drying has great worth for agricultural
produce. In Norway, low temperature drying studies have
been carried out using a heat pump dryer, and biomaterials
were dried at temperatures as low as −25 °C (Alves-Filho
and Strommen 1996a, b). Perera and Rahman (1997) and
Hesse (1995) provided a general view of heat pump
dehumidifier assisted drying. The paper by Flikke et al.
(1957) is perhaps the earliest of published works in the area

of heat pump assisted grain drying. In general, they found
the concept to be mechanically feasible but not attractive
economically due to low fuel prices prevailing at the time.
The detailed analysis of HPD assisted grain drying by Brook
(1986) revealed marginal energy savings, but according to
him the system has economic drawbacks over drying of large
portion of grain, risk of spoilage due to mould growth during
the slow drying process and high capital cost of the
equipment were cited as some of the reason. However, the
simultaneous heating and cooling capacities of heat pumps
was always considered desirable (Flikke et al. 1957). Based
on this assumption, Oliver (1982) discussed the use of heat
pump dehumidifiers in process drying and Hogan et al.
(1983) developed a heat pump system for low temperature
grain drying and their system was found to be economically
desirable. Simultaneously, they reported that the energy
consumption was about 2.1 MJ per kg water remove
compared to 6.44 MJ per kg water, required in electrically
heated bin dryer.

Recently works on heat pump dehumidified dryers
were Ogura et al. (2005) for a control strategy for
chemical heat pump dryer; Saensabai and Prasertsan
(2007) for condense coil optimization and component
matching and Pal and Khan (2008) for calculation steps
for the design of different components. Moreover, various
types of product have been dried in experimental heat
pump dehumidified dryers. Dried product included bio-
materials (Alves-Filho and Strommen 1996a) sawn rubber,
wood and banana (Prasertsan and Saen-saby 1998), banana
(Chua et al. 2001), holy basil (Phoungchandang et al. 2003),
garlic (Boonnattakorn et al. 2004) mangoes (Chottanom
and Phoungchandang 2005), ginger (Hawlader et al. 2006)
composite food products (Rahman et al. 2007), and red
pepper (Alves-Filho et al. 2007), protein (Alves-Filho et al.

Fig. 10 Schematic diagram of
CHPD system using CaO/H2O/
Ca(OH)2 reaction operating
in heat enhancement mode
(Ogura et al. 2004)
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2008). Simulation model of the heat pump dehumidified
dryer were developed by Alves-filho et al. (1997) for fruit
and root drying and Achariyaviriya et al. (2000) for fruit
drying. Phoungchandang (2009) developed a computer
simulation model of the heat pump assisted drying for some
herbs (garlic and white mulberry leaves) and reported that
model was in good agreement with experimental results,
applicable to air drying of herb in single layer and
sufficiently adaptable to examine the effects of relative
humidity and temperature of the drying air.

Advantages and disadvantages heat pump assisted
drying

The main objective of any drying process is to produce a
dried product of desired quality at minimum cost and
maximum throughput and to optimize these factors consis-
tently (Chua et al. 2001). Much effort has therefore been
directed towards examining potential energy saving tech-
nologies (Keeye 1978; Strumillo and Adamiec 1996).
Utilizing energy efficient heat pump in drying system can
achieve this goal and recover both latent and sensible heat
which would otherwise be wasted. Since the greatest source
of heat losses in conventional dryers is due to the venting of
the moist air (Lawton 1978; Kato 1985), attention has been
focused on waste heat recovery. As a preliminary energy
conservation measure, a part of the exhaust air can be
recycled and mixed with that of the intake (Sokhansanj
1984). Chou et al. (1993) and Prasertsan et al. (1997)
studied the applications of heat pump dryer for agricultural
produce and they reported that the heat pump dryer is

economically feasible. According to Soponronnarit et al.
(1998), the heat pump fruit dryer offered better product
quality. Besides yielding better food quality, Rossi et al.
(1992) has reported that onion slices dried by HPD used
less energy in comparison to a conventional hot air system.
Since the optimum temperature for drying of agricultural
produce by which the good quality can be obtained is 60 °
C. The heat pump/heat pump assisted drying is such type of
low temperature drying.

Chua et al. (2000) have demonstrated that HPD can
produce pre-selected cyclic temperature schedules to
improve the quality of various agricultural products they
dried in their two-stage HPD. They have shown that with
appropriate choice of temperature-time variation, it is
possible to reduce the overall colour change and ascorbic
acid degradation by up to 87 and 20%, respectively.

Heat pump drying of sapota pulp to produce sapota
powder was reported to be faster than hot air drying
(Jangam et al. 2008). Drying of Australian nectarine slices
in a heat pump dryer was found to produce the dried
product that was better than that from cabinet and tunnel
dryers in terms of lactone and terpenoid retention
(Sunthonvit et al. 2007).

The fluidized bed dryers incorporating heat pump drying
mechanism set-up can produce drying temperatures from
−20 to 60 °C and air humidities ranging from 20 to 90%.
With these features, heat-sensitive food materials can be
dried under convective air or freeze drying conditions
(Alves-Filho and Strommen 1996a, b, c).

Mujumdar (1991) has identified and proposed for the
first time the use of multiple modes of variable levels of
heat input, simultaneous or consecutive, as well as cyclical

Table 5 Benefits and drawbacks of heat pump/heat pump assisted dryers

References

Advantages

Recoverable energy from exhaust Mujumdar et al. (2002)

Have more SMER (specific moisture extraction rate) Islam and Mujumdar (2004)

Have more or improved efficiency/High COP Islam and Mujumdar (2004)

Ability to produced well controlled drying condition Kudra and Mujumdar (2001) Mujumdar et al. (2002); Daghigh et al. (2009):

Wide range of drying conditions Chua et al. (2002a, b)

Better product quality Daghigh et al. (2009)

Increased throughput and reduced operation cost Jia et al. (1993)

Save drying time and energy Rossi et al. (1992)

Low energy consumption Islam and Mujumdar (2004)

Disadvantages

Environmental issue

Regular maintenance required

Possibility of refrigeration leak

Higher capital cost
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variations in velocity or operating pressure as technologies
of the future for batch and continuous heat pump drying
processes. Using multiple modes of heat input, it is possible
to speed up drying kinetics without adversely affecting the
quality of dried products.

Like all other mechanical systems, the heat pump
assisted dryer has it’s a set of advantages and disadvantages
that should be consider before adopting the technology for
drying applications (Chua et al. 2002a, b). In Table 5 some
advantages and disadvantages have been summarised.

Conclusions

The need for drying biological materials is very important
in the argil-food industry, producing high quality and shelf-
stable products. However, there is a downside to the
process, as it is a high energy consuming process. This
has two drawbacks, the first is the cost of energy, and the
second is the environmental degradation that is associated
with some types of energy production. In response to these
concerns, there has been much work on novel drying
techniques to improve energy and drying efficiencies. This
article has covered heat pump assisted drying techniques,
with hope that this techniques, along with future research,
will produce dryers and drying process that are more
economical and less harmful to the environment.
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