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ABSTRACT

This paper reports a review based study into the two stage indirect- direct evaporative cooling
technology, which is referred as two-stage evaporative cooling (TSEC) system. The direct-type
(evaporative) cooling system is widely using natural cooling technology for storage of agricultural
produce particularly fruits and vegetables because of its simplicity, eco-friendly and low-cost. But
EC system is environment based and got the limitation that cooling of air can be done up to wet
bulb temperature. To overcome this and owing to the continuous progress in cooling technology
innovations are done by combining other indirect methods with direct type evaporative cooling
system. Such system is known as two stage evaporative cooling, includes indirect and direct type
cooling system. The indirect cooling has potential to be an alternative to conventional mechanical
vapour compression refrigeration system to take up the air conditioning duty. Indirect cooling
system is mostly heat exchanger(s) whereas direct cooling is wet pad type system. Combination of
these two systems has obtained significantly enhanced cooling performance, with near to 90% and
high energy efficiency ratio up to 80. The experimental and research work done on the indirect and
direct cooling technology on the basis of their design, structural, type of indirect cooler, materials of
construction, pad materials, effectiveness and energy saving have been reviewed and presented.
This review paper explains the working principles of two-stage evaporative cooling systems and its
performance assessed. This system is energy efficient, environment friendly and having potential
for cooling and storage of fruits and vegetables in countries where hot and dry weather prevails for
most of the part.
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1. INTRODUCTION

Fruits and vegetables contain high
percentage of water; carry out their physiological
function of respiration to their environment after
harvest & storage which lead to their rapid
deterioration  under  conditions  of  high
temperature and low humidity. As a result,
heavy losses are encountered in freshly
harvested fruits and vegetables. Thelack of
sufficient cool storage space at farm level
and refrigerated storage at market level
further enhances loss of fruits and vegetables

[1].

Several factors are responsible for the losses.
One of the major problems is the non-availability
of the suitable low cost efficient cooling system.
Evaporative cooling is the most efficient method
for cooling in dry and hot conditions. It has been
proved as an effective method of storage of fruits
and vegetables [2-6]. The favourable
environment for storage of fruits and vegetables
is low temperature and high humidity.
“Refrigeration system decreases both
temperature and humidity while evaporative
cooling system decreases less temperature and
increases humidity, which is more suitable for
agriculture produce” [7]. That is reasonably
possible to achieve by two-stage evaporative
cooling with comparatively low investment and
less energy input.

Two principal methods of evaporative cooling
are; direct cooling and indirect cooling. Direct
and indirect processes can also be combined. In
direct method of evaporative cooling outside
unsaturated air is allowed to pass through wet
pad, due to evaporation of water air gets cooled
and humidified. Whereas, in indirect method of
evaporative cooling air is cooled as it flows
outside the tubes of the heat exchanger in which
cold water circulates. This indirect cooling
process takes place at a constant absolute
humidity. The effectiveness of either of these
methods is below one. The efficiency of direct
cooling (EC) is up to 90% with good quality rigid
pad media (Dash et al., 2018), [8,9,10], while
efficiency of indirect cooling is in the range of 60-
70% [11]. The direct evaporative cooling has got
the limitation for drop in temperature, i.e. the
maximum up to the wet bulb temperature of
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two-stage EC system (TSEC); indirect cooling

ambient air. It may be overcome with the two-
stage indirect-direct evaporative cooling.

1.1 Indirect-direct Evaporative Cooling
System

Two-stage indirect-direct evaporative cooling
system combines indirect evaporative cooling
unit in first-stage with direct evaporative cooling
unit in second-stage. In this two-stage
evaporative cooling system, ambient air is
passed over a heat exchangercooling unit (first-
stage) with circulating water coming out from the
direct evaporative cooling unit [12-14]. The heat
exchange process in heat exchanger (indirect EC
system) reduces the dry bulb temperature of the
air stream without changing its humidity [15-17].
Thereafter, this air stream is introduced into the
second stage i.e. direct evaporative cooling
system. In the second stage, the pre-cooled air
passes through a water-soaked pad. As a result,
the air temperature approaches the wet bulb
temperature of the pre-cooled air. This
temperature is lower than the wet bulb
temperature of the ambient air [18-20]. The two-
stage evaporative cooling provides air that is
cooler than either a direct or indirect single-stage
system can provide individually. “The coefficient
of performance of the two-stage evaporative
cooling system is at least 20% greater than those
achieved when employing either the indirect
evaporative cooling or direct evaporative cooling
system alone” [21]. The cooling capacity of the
two-stage evaporative cooling system is higher
than that of the single stage evaporative cooling
systems. The schematic arrangement of all
components is shown in Fig. 1.

In recent trends, it was noticed that the IDC
systems are always in combined operation with
other cooling measures and commonly used
operational modes are (1) IDC/DEC system; (2)
IDC/DEC/mechanical vapour compression
refrigeration system; (3) IDC/desiccant system;
(4) IDC/chilled water system; (5) IDC/heat pipe
system. Out of all above addressed effort for
lowering the temperature, only combination of
IDC and DEC are reviewed here. Less work on
TSEC system has been done and published.
Therefore an attempt has been made to review
critically, all published literature as ready
reference for future onward work.
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Fig. 1. Schematic arrangement of Indirect-direct evaporative cooling system

1. Ambient air inlet 4. Direct EC unit 7. Water tank & pump
2. Indirect cooling unit 5. Cooled air out
3. Primary cooled air 6. Water distribution pipe
2. REVIEW OF LITERATURE cooling offers energy and cost saving
potential with comfort conditions similar

“Different researchers have made efforts to
improve the performance of evaporative cooling
system by change in design, process and
materials” [22]. “Many scientists have pointed out
that in the region where wet bulb temperature is
low; two stage evaporative cooling system,
which combines indirect and direct evaporative

refrigerated systems” [23,24,25,26]. “The cooling
effectiveness of indirect evaporative cooling
system is generally low, around 40-
60% compared to direct evaporative
cooling” [27]. The published information on all the
above was reviewed and briefly presented
here.

Source

Output

Sadgir and Ghuge,
2016

They developed an in-house two stage indirect direct evaporative cooling
system by using plate heat exchanger in indirect section and filled with
cooling pads (corrugated cellulose) to increase the water holding capacity
of indirect section and reported that an optimum velocity of 1.5 m/s of
secondary air offered the maximum cooling in direct section. They also
reported that indirect-direct evaporative cooling system gave best
performance for hot and dry climate region in India.

Jain and Hindoliya,
2012

They design and developed a regenerative type direct-indirect evaporative
cooling system by placing direct evaporative cooling in first stage and
indirect evaporative cooling in downstream and reported that this type of
two-stage arrangement is more advantageous for providing thermal
comfort in residential and commercial buildings.

Kulkarni and Rajput,
2011

They design and developed, a direct evaporative cooling system, an
indirect evaporative cooling system and indirect-direct system (IEC/DEC)
i.e. two-stage evaporative cooling system by placing indirect evaporative
cooling in first stage followed by direct evaporative cooling in second
stage and reported that two-stage evaporative cooling system is found
more suitable among all climatic conditions of 39°c — 46°c and 37 — 46%
RH.

Hui and Cheung, 2009

They designed two-stage indirect-direct evaporative cooling system and
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Source

Output

evaluated its performance in hot and humid climate. Reported that two-
stage indirect direct evaporative cooling systems could have good
potential to cool outdoor air and energy performance than single-stage
evaporative cooling systems. They also reported that the efficiency of the
evaporative cooling system depends on system configuration, component
design and control strategies.

Rick Philips, 2009

Evaluated the two-stage evaporative cooling system by placing direct and
indirect cooling components alternatively and reported that, by keeping
the fan upstream side followed by indirect evaporative cooling unit, direct
evaporative cooling unit, there is enough space for uniform air velocity to
attain good performance results as compared to supply fan placed
downstream of the cooling components, placing indirect evaporative
cooling downstream of the direct evaporative cooling.

Jain, 2007

Developed and evaluated a two-stage indirect-direct evaporative cooling
system and reported that the effectiveness of the two-stage evaporative
cooling was found to be 1.1-1.2 over single evaporative cooling system.
Results show that two-stage evaporative cooling system could drop
temperature up to wet bulb depression of ambient air and provided 90%
relative humidity.

Ei-dessouky et. al.,
2004

Designed and developed a two-stage indirect-direct evaporative cooling
system. The system formed of an indirect evaporative cooling unit
followed by a direct evaporative cooling unit and reported that high
efficiency are obtained irrespective of the high intake air temperature.

Al-juwayhel et. al.,
2004

Designed a single-stage direct evaporative cooling, single-stage indirect
evaporative cooling, two-stage indirect direct evaporative cooling and
three-stage system of evaporative cooling and mechanical vapour
compression. Reported that the two-stage indirect direct configuration
achieved the best value of energy efficient ratio, followed by the direct
evaporative cooling, three-stage evaporative cooling and indirect
evaporative cooling.

Dutta et. al., 1987

For assessment of two-stage indirect direct evaporative system
appropriate computer programs were prepared using Fortran iv. They
designed; fabricated and tested 8.5 ton indirect-direct evaporative cooling
system and compared its performance with a computer prediction,
reported that this system has scope for use in India.

2.1 Design and Development of IDC and
DEC System

Scientists designed, fabricated, developed and
assessed two stage evaporative cooling system;
either indirect direct type EC or direct indirect
type EC and evaluated individually as well as
combined (Sadgir and Ghuge, 2016),
[28,8,29,30,31,32,33,34]. They also evaluated
the two-stage evaporative cooling system by
placing direct and indirect cooling components
alternatively with supply fan at upstream side and
back side [30]. It was observed/reported that
indirect-direct type arrangement of two stage
evaporative cooling having supply fan at
upstream side performed well as compared to
other arrangements. The efficiency of the two
stage evaporative cooling system depends on
system configuration, component design and
control strategies.

2.2 Structural Details of IDC-DEC

Many researchers designed and developed
various sizes indirect and direct cooling system
(Sadgir and Ghuge, 2016, Kongre et. al., 2015,
Reddy et. Al., 2012, Al-juwayhel et. al., 2004,
Datta et al, 1987). Proper and effective size of
indirect and direct evaporative cooling system
resulted in better performance with higher
effectiveness. Also selection of proper indirect
cooling method plays important role in higher
drop of temperature making it suitable for storage
of fruits and vegetables [31]. The experimental
and theoretical analysis of paper results show
that the TSEC system not only has favorable
application prospect in the dry region, but also
has application in the low/medium humidity
areas.
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Source Size Output
Sadgir and Ghuge, Dimensions of indirect  They designed, developed and evaluated in-house
2016 cooler : two stage indirect direct evaporative cooling system

Kongre et. al.,
2015

Reddy et. al., 2012

Al-juwayhel et. al.,
2004

Datta et. al., 1987

0.35x0.35x0.32mm

Dimensions of direct
cooler:
406x368x660mm
Dimensions of indirect
cooler : 8x10x4mm

Dimensions of direct
cooler:
3700x2750x3200mm
dimensions of indirect
cooler:
350x350x250mm

Dimensions of direct
cooler:
790x810x20mm
Dimensions of indirect
cooler:
810x120x125mm
Dimensions of direct
cooler:
1000x1000x1000m
Dimensions of indirect
cooler:
1000x1000x150mm

and reported maximum temperature drop of 21.7°c
and maximum effectiveness of 92.5%.

They have designed two-stage cooler cum cold
storage and analyzed its performance in laboratory.
Reported drop in temperature from 36°c to 23° in
195 min (2h 15min). Result shows that two-stage
evaporative cooler provides overall good
environment to store the perishable food and
vegetables, also this can be better solution against
costly air conditioners.

For experimental evaluation, constructed a closed
chamber using particle board, glass, brick and
plywood for experiment and designed small indirect
evaporative cooler using plastic drinking straws
(4mm dia). The results show that for a given inlet
conditions and for given length of the tubes the
optimum diameter of the tube 2mm gives better
cooling.

They reported that two-stage indirect direct
evaporative cooler shown higher effectiveness
value varying between 0.76 and 1.14 than the
single-stage evaporative cooling systems.

They fabricated indirect-direct evaporative cooling
system and tested and compared its performance
with a computer prediction. They reported that this
system has scope for use in India and this system
also applicable in all zones where the wet bulb
temperatures are below 24-26°c for most of the hot
season.

2.3 Types of Pad Materials and Heat
Exchanger

Types of heat exchanger and pad material are
important components of TSEC system. There is
a lot of research studying the characteristics and
performance of various types of heat exchangers
with alternative shapes and different cooling
media/pads, namely; plate type, cross flow type
for he and corrugated cellulose pad, aspen pad,
glassdek, perspex for EC (Sadgir and Ghuge,
2016), [35], (Mohammed A.K., 2013), Jain and

Hindoliya, [28], Reddy et al., 2012, [36], Kulkarni
and Rajput, 2011). Materials used for making
the heat exchanger elements (plate/tube)
includes fibre sheet with single side water
proofing, aluminium plate/tube with single side
wet wicked setting (grooved, meshed, toughed
etc.), and ceramic plate/tube with single side
water proofing. The type of material used for
construction of heat exchanger and cooling pads
used in evaporative cooling system far most
important as far as drop in temperature is
concerned.

Source Parameters Output
Sadgir and Pad material: corrugated cellulose They design, developed and evaluated two
Ghuge, 2016 (50, 100 & 150 mm thick) stage indirect direct evaporative cooling

Type of heat exchanger:
aluminium plate heat exchanger
(nos. Of plates:14, & spacing: 2
cm)

system and reported efficiency of the
indirect section increased from 18.76 to 32%
with maximum temperature drop of 3.35° at
1.5 m/s secondary air velocity. They also
reported that thicker pad performed better in
direct section with temperature drop from
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Source Parameters

Output

10.5to 12.50°c. Overall maximum
temperature drop of 21.7°c and maximum
effectiveness of 92.5% was reported.

Kongre et. al.,

2015 thick)

Type of heat exchanger: copper

tube(10mm dia., 30ft long)

Pad material: aspen pad (30mm

They reported that the two-stage
evaporative cooler provided overall good
performance and drop in temperature was
observed from 36°c to 23°c.

Mohammed Pad thickness: 15 cm

AK., 2013

Designed, constructed and tested a two-
stage evaporative cooling experimental set
up consisting of an indirect evaporative
cooling stage followed by a direct
evaporative cooling stage. Reported that this
system can provide comfort conditions
during the whole of hot season and can
works well in the desert like environments,
alone or as a supplement to a chiller or
direct expansion refrigeration system.

Jain and
Hindoliya, 2012

Pad material: aspen wood
Type of heat exchanger:
aluminium tube (7mm dia.)

A commercially available direct type
evaporative cooler was evaluated by adding
a heat exchanger (indirect evaporative
cooler) and reported improvement in
coefficient of performance 20-25% with heat
exchanger than direct evaporative cooler.

Reddy et al., Pad material: perspex sheet Experiments were conducted to evaluate the
2012 (12mm thick) performance of the cooler under different
Type of heat exchanger: drinking ~ ambient conditions (for different inlet
plastic straws (4mm dia.) temperatures ranging from 25°c to 45°c. The
results show that less relative humidity, low
velocity of comfort air and an increase in the
inlet temperature of comfort air gives higher
cooling effect.
Sodha and Pad material: glasdek, (100mm They have evaluated a model for the
Somwanchi, thick) validation of the water temperature along
2012 direction of flow in an evaporating pad and

reported a new concept of using the tank
water for cooling to extraneous objects. The
steady state temperature of water in the tank
is reached from 33°c to 23°c near to wet
bulb temperature in a time of the order of
one hour or less.

2.4 Effectiveness of the ID-DECsystem

In theory, the efficiency of either of the indirect-
type or direct-type cooling system is less than
100 per cent, this is because, and both the
system can cool entering air up to its wet bulb
temperature only. But the overall effectiveness
can be achieved more than 100 per cent, when
direct and indirect are combined and works as a
single unit. The overall performance of indirect-
direct evaporative cooling system evaluated by
researchers in different climates and seasons are
reviewed hereunder;

Mohammed, 2013, has designed, constructed
and tested a two-stage evaporative cooling
experimental set up consisting of an indirect
evaporative coolingstage followed by a direct
evaporative cooling stage and reported that
effectiveness of two-stage indirect direct
evaporative cooling unit, under various outdoor
conditions varies in the range of 90-110%,
whileindirect evaporative coolingstage was
observed in the range of 55-65%.

Abbouda and Almuhanna [37], have designed,
constructed and tested a two-stage evaporative
cooling system consisting of a direct evaporative
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cooling and indirect evaporative cooling. They
reported that the overall effectiveness of the
combining cooling system was more than 100%
(102.8%). They also reported that in re-
circulating type evaporative cooling system with
cross-fluted cellulose pad, the collected water in
sump reaches equal to the dew point
temperature of the entering air after steady state
condition has reached. This system is
environmentally clean & energy efficient, and can
be used in various climatic conditions.

Kulkarni and Rajput [22], have fabricated and
tested two-stage indirect direct evaporative
coolerhaving wet surface plate heat exchanger
type indirect stage with three different shapes
and three different cooling materials. They
reported that saturation efficiency of direct
evaporative cooling varies in the range of 98.3%
to 71.9%, for indirect evaporative cooling 83.3%
to 37.2%. Overall efficiency varies in the range of
119.5% to 74.3%. Cooling capacity for combined
mode ranged between 4679 and 43771 kJ/h for
different combinations. They also reported that
the cooling efficiency can be improved by adding
an indirect stage before the direct stage and the
dry bulb temperature of incoming air can be
reduced below its wet bulb temperature.
Rectangular shape gave higher efficiency.
Results show that the two-stage evaporative
cooling system will be suitable for climatic
conditions of 39°c-46°c dry bulb temperature and
37%-46 % relative humidity.

Gomez et al., [38], explained the phenomena of
mixed evaporative cooling systems with indirect
system with tubular heat exchanger and plate
heat-exchanger and reported that when dry
outside air is allowed to pass from indirect
evaporative cooling and this out coming air from
indirect evaporative cooling is allowed to pass
from direct evaporative cooling, that results,
decreases in temperature and also increases the
air humidity. Modern designs of these systems

used plastics tube that resisted corrosion
better.
Heidarinejad et al. [39], experimentally

investigated “the cooling performance of indirect-
direct evaporative cooling system in various
simulated climatic conditions. They used plastic
wet surface heat exchanger as an indirect
evaporative cooling unit and 15 cm thick
cellulose pad for a direct evaporative cooling
unit. They obtained an effectiveness of indirect
evaporative cooling unit in the range of 55%-61%
and effectiveness of indirect direct evaporative
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cooling unit in the range of 108%-111%. Such
system is found to be better for the hot and
humid climates. They also reported 55% more
water consumption than direct evaporative
cooling unit and 33% of mechanical cooling
systems”.

Hui and Cheng, [29], have assessed the
performance of two-stage evaporative cooling
systems in hot and humid climate and reported
that the cooling efficiency of the standalone
indirect evaporative cooling and direct
evaporative cooling units are lower than one, but
that of the combined two-stage evaporative
cooling system may be greater than one.

Rick Philips [30], has analyzed an evaporative
cooling air handling unit using chilled-water (re-

circulated water) coil in conjunction with
direct evaporative cooling and reported
that wusing direct evaporative cooling in

conjunction with an indirect cooling coil, results in
100% cooling efficiency with indirect cooling coil
placed upstream of the direct evaporative
cooling.

Jain [31], has developed and tested “a two-stage
evaporative cooler to improve the efficiency by
using wooden shave as the packing material and
reported that effectiveness ranged from 1.1 to
1.2 and this system could achieve favourable
temperature and relative humidity conditions for
storage of tomatoes for 14 days. Such a cooler
could provide necessary comfort even though
outside humidity is higher. The two-stage
evaporative cooler is found to provide 20 %
better cooling when compared to single stage
cooler”.

Ei-dessouky et al., [32], carried out theoretical
and experimental study on “small-scale
evaporative cooling unit using structured packing
material of high-density Zpolgthene with wetted
surface area of 420 m“/m°. They have also
carried out the performance analysis of two-
stage evaporative coolers. The efficiency of
indirect evaporative cooling and direct
evaporative cooling units when operated
individually were found to be 20-40% and 63-
93% respectively, whereas the efficiency of two -
stage indirect direct evaporative cooling varied
over a range of 90-120%”.

Bourhan et Al., [21], reported that “the coefficient
of performance of the combined two-stage
evaporative cooling system was at least 20%
greater than those achieved when employing
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either the indirect evaporative cooling or direct
evaporative cooling system alone”.

El-dessouky et. al., 1996, evaluated the concept
of pre-cooling the air before direct evaporative
cooling without using cooling tower i.e. two-stage
indirect-direct evaporative cooling system and
observed that effectiveness increased with
packing thickness and flow rate of water to
indirect-direct evaporative cooling.

Datta et. Al. [34], have experimentally studied “an
8.5 ton indirect-direct evaporative cooling system
and reported that such a system provides a relief
cooling rather than comfort cooling. The room
could be maintained at 4-5 °c above the inlet wet
bulb temperature using such a cooler”.

2.5 Energy Saving and Environment
Friendly

In  comparison with mechanical vapour
compression systems, two-stage evaporative
cooling system uses water as working fluid
instead of cfcs, require less power and simple
manufacturing technology. This system does not
use any synthetic refrigerant thereby it is
environmentally clean and energy efficient
system. The published research work is
reviewed here;

Mohammed, 2013, found that more than 60%
power saving could be obtained by two-stage
indirect direct evaporative cooling system in
comparison  with mechanical  vapour
compression systems with just 55% increase in
water consumption with respect to direct
evaporative cooling systems. He also reported
that direct evaporative cooling systems provide
comfort in a wide range of hot season; indirect
direct evaporative cooling systems can provide
higher level of comfort condition by obtaining
lower dry bulb temperature and wet bulb
temperature.

Patil et al., [40], explained the concept of various
ways to attain cooling by using indirect
evaporative cooling and its combination with
direct evaporative cooling i.e. mixed evaporative
cooling systems and reported that mixed
evaporative cooling system is more effective in
dry and hot climate and can be applied in
whatever climate. Mixed evaporative cooling
system is energy efficient and environmentally
clean.

Rick Philips [31], has analyzed an evaporative
cooling air handling unit using cooling coil in
conjunction with direct evaporative cooling. He
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explained the arrangement of cooling
components in different sequences and
examined its effect on energy saving and
reported that using direct evaporative cooling in
conjunction with indirect evaporative cooling,
results in 35% energy saving and sequence
(arrangement) of supply fan, upstream of the
cooling components with cooling coil is placed
upstream of the direct evaporative cooling, less
energy is consumed.

Maheshwari et al, [27], compared the power
requirement of an indirect evaporative cooling
unit with conventional packaged air conditioner.
They concluded that the best performance of
indirect evaporative cooling unit coincides with
the hour of maximum cooling capacity and peak
power demand of conventional unit and it offers
maximum reduction in cooling capacity and peak
power demand.

El-dessouky et. al., 2000, have developed a
membrane air dryer and coupled with
conventional direct indirect evaporative cooler
and reported that when such system is combined
with mechanical vapour compression system to
achieve to perfect thermal conditions, about 50%
savings in electricity are obtained.

Datta et al. [26], found that most zones of India
Suitable for evaporative cooling system, where
the wet bulb temperature is usually below 25°C
and reported that potential energy savings
envisaged by replacing conventional refrigerated
systems by evaporative system is = 75%.

Stanley et al, [23] and Navon & Arkin, [25], have
pointed out that in the regions where wet bulb
temperature is low, two stage evaporative
cooling system, which combines indirect and
direct evaporative cooling offers energy and cost
saving potential.

3. CONCLUSIONS

The indirect- direct type system configuration
provides more cooling and the air leaving
temperature can be lowered below inlet air wet-
bulb temperature with more relative humidity
than stand-alone indirect-type or direct-type
cooling system. This combined systems is
energy efficient, environment friendly and having
potential for cooling and storage of fruits and
vegetables in country like India where hot and
dry weather prevails for most of the part. Also
the system is simple in construction and no so
costly, so farmers can adopt it for short term
storage of fruits and vegetables. This system can
also be combined with mechanical refrigeration
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system to achieve to perfect thermal conditions
with savings in electricity.
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