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a b s t r a c t

Drying reduces the moisture content of harvested crops thus slowing decay processes to enable longer-
term storage. Solar dryers contain the crop being dried, to enhance solar energy collection incurring
lower crop losses than are associated with open-sun drying and recurrent costs than are inherent to uses
of fossil-fuels for drying. The influences of key environmental, operational and design parameters for
solar dryers are discussed including: (i) psychrometry of drying processes and ambient conditions, (ii)
how initial crop properties are converted to final desired product attributes, (iii) feasibility of using pow-
ered components such as fans and (iv) air-heating solar collector selection.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Solar crop drying ensues naturally when seeds dry in-situ to
render them sufficiently light for air-borne dispersal. Human inter-
vention to dry crops in the open sun to enable their storage for off-
season food consumption was probably intrinsic to the inception of
farming-based civilizations. The key strategic goal in preserving
crops is to reduce the number of undernourished people world-
wide (Anon., 2004). Fiber and energy is provided by carbohydrates
and protein usually retained after a drying process.

Open sun drying simply exposes harvested crops to solar radia-
tion by placing them on the ground or a mat. It is prone to high
crop losses due to (i) uneven moisture removal, (ii) insects and
rodents consuming the crop and (iii) failure to achieve safe storage
moisture content before the crop has to be collected. As an exam-
ple, the estimated annual postharvest losses of various commodi-
ties together with the associated costs for India is shown in Table 1.

The first modern use of fossil fuels in drying was recorded in
France in 1795 for drying of thinly sliced fruits and vegetables
(Delong, 1992). Fossil-fuelled dryers are now commonplace as they
can operate in any ambient conditions, are readily controlled and
their operation and maintenance infrastructures are well estab-

lished. However, in many remote rural locations supplies of fossil
fuels can be (i) insecure (ii) expensive and require combustion
equipment and (iii) their use incurs emissions of both local pollu-
tion and global greenhouse gases (Imre, 1993). In contrast, solar
drying often constitutes a cost-effective and environmentally sus-
tainable use of local solar energy resources and fabrication labour
resources.

Solar dryers can be distinguished from open-sun drying by (i)
enclosure of the drying crop and (ii) direct or indirect production
of a solar heated airflow. When compared with open-air sun dry-
ing, solar drying generally is (i) faster, (ii) more efficient (iii) hygie-
nic and (iv) incurs lower crop losses (Arata et al., 1993; Budin and
Mihelic-Bogdanic, 1994; Chua and Chou, 2003; Karim and
Hawlader, 2004; Mahapatra and Imre, 1990; Muhlbauer, 1986;
Zaman and Bala, 1989). There are generally more viable than open
sun drying as they provide more control and protection of product
quality over a wider range of weather conditions (Alam and Singh,
2004; Sodha and Chandra, 1994; Lorriman and Hollick, 2003; Nair
and Bongirwar, 1994; Tiwari, 2003; Esper and Muhlbauer, 1998;
Farkas, 2003). In a solar dryer, solar radiation passes through a
transparent aperture and retained as heat in a drying chamber, a
solar collector, or both. In a passive solar dryer, thermal energy
transferred from solar energy collection to the drying chamber is
by natural convection whereas in an active system a fan drives
heated air through the dryer (Norton, 2013). The interrelationship
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between the key factors that determine solar dryer viability
(Ekechukwu and Norton, 1999b) are summarised in Fig. 1.

2. Psychometry of air in a solar dryer

The more dry the surrounding air, the greater the rate of evap-
oration from a crop that lowers the wet bulb temperature. The
specific humidity of unsaturated air increases due to water evapo-
ration from a crop as energy transferred from air to water. A ther-
mal equilibrium prevails when the energy transferred from warm
air to the crop becomes equal to energy needed for water vaporiza-
tion. At temperatures below this equilibrium thermodynamic wet
bulb temperature or adiabatic saturation temperature, air will
rapidly become saturated and if cooled further, will lose water in
the form of dew above 0 �C. Water vapour moves from air with a
higher humidity ratio (i.e. ratio of water vapour weight to dry air
weight) to air with a lower humidity ratio.

As indicated in Fig. 2 for appropriate combination of humidities
and temperatures, air taken directly into a drying chamber will be
heated sufficiently to enable drying. When the temperature and
humidity of directly-introduced ambient air would provide an
insufficient drying rate, an air heating solar energy collector pro-
duces higher temperature air for introduction to the drying cham-
ber. The indicative conditions for which use of air heating collector
is advised are illustratively in Fig. 2; The specific for a particular
installation are contingent conditions would depend on crop
parameters, collector characteristics and drying chamber specifica-
tions (Ekechukwu and Norton, 1999a).

Wet-basis moisture content (defined as the relative weights of
moisture present per unit of undried material) is used generally
for commercial purposes. For system engineering purposes, the
(closely related; see Fig. 3) dry basis moisture content (defined
as the weight of moisture present per unit weight of totally dry
material) is preferred as on a dry basis the same weight changes
are associated with each percentage moisture reduction
(Ekechukwu and Norton, 1999a, 1999b; Ekechukwu, 1999). The
final moisture contents required for long-term storage of crops,
are referred as safe storage moisture content are listed for common
crops in Table 2.

National and international standards specify labelling for cor-
rect ingredient and nutritional information to ensure that products
are safe and fit for consumption. Nutrition colour, flavour and tex-
ture of the dried product must also be of acceptable quality to con-
sumers. The term ‘‘quality” has three overlapping connotations; (i)
degree of excellence, (ii) fitness for purpose, and/or (iii) confor-
mance to specified requirements. The consequences of improper
drying can include (i) loss of nutrients, (ii) microbial spoilage,
(iii) possibility of food poisoning, (iv) lower market value and (v)
excessive shrinkage.

Shrinkage during drying alters shape, reduces volume and
increase surface hardness. This is a desired outcome for some crops
such as some dried fruits. Non-uniform shrinkage leads to imbal-
anced stresses that crack surfaces. Shrinkage can limits the ability
to rehydrate a dried product as moisture-absorbing capillaries are
closed; for example when cauliflower is dried. (Jain and Tiwari,
2004b). The stresses causing shrinkage depend on removed water
volume, internal crop structure, drying rate, temperature, relative
humidity, and velocity of drying air. Being a major factor when
controlling the drying rate (Rahman et al., 1996; Zogzas et al.,
1994), shrinkage has been the subject of extensively modelling;
(Lozano et al., 1983, 1980; Mayor and Sereno, 2004; Mclaughlin
and Magee, 1998; Mulet et al., 2000; Ochoa et al., 2002; Park,
1998; Rahman et al., 1996; Ratti, 1994; Simal et al., 1998; Wang
and Brennan, 1995). To avoid high drying temperatures can
adversely affect the colour and phenolic composition of aromatic,
herbal and medicinal plants. pre-treatments have been devised
for specific herbs such as thyme (Lahnine et al., 2016). For colour
retention in dried cherry tomatoes, osmotic dehydration in a
hypertonic solution has been employed for partial water removal
before subsequent drying in a solar dryer (Nabneun et al., 2016)
to produce high quality dried tomatoes with desired colour in a

Table 1
Estimates of post-harvest losses for various commodities in India (Alam et al., 1980;
Anon, 2004).

Post-harvest losses

% of produce Value (Rupees in Crore)

Commodity Grains 10 16,500
Pulses 15 2000
Fruits 30 13,600
Vegetables 30 14,100
Floriculture 40 400
Fish 15 2700
Dairy (milk) 1 900

Total Rs. 50,200 Crore

Fig. 1. Interplay between key grouped aspects of solar dryer viability.
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