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ABSTRACT: Extreme sensible and latent load inside a greenhouse is a challenge faced in greenhouse farming which
ultimately affects the crop yield and adds into food insecurity. In this regard, proper ventilation and air-conditioning is
required to control the atmosphere inside the greenhouse. In this study, three experimental evaporative cooling (EC) (i.e.
direct (DEC), indirect (IEC), and Maisotsenko cycle (MEC)) systems were thermodynamically analyzed for potential
application of greenhouse air-conditioning for the climatic conditions of Multan. According to American Society of
Agricultural Engineers (ASAE), temperature inside a greenhouse should be 30-32°C. From a year-long experiment,
results of 15" May showed that DEC, MEC, and IEC resulted in process air of 27°C, 20°C, and 31.4°C at 40°C ambient
temperature, respectively. The DEC and MEC systems performed better as compared to the IEC system. The results
indicate that the DEC and MEC systems perform optimally for greenhouse air-conditioning according to ASAE standards.
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1. INTRODUCTION vapor deficit. Owing to this “evaporation” process, a
cooling effect is produced in the water. Air in direct
contact with water (DEC) or indirectly in contact with the
cooled water (IEC, MEC) gets cooled. The amount of
water vapors that can be held by the air depend directly
on its humidity ratio which is linked to the amount of
moisture already present in the air. This establishes a fact
that hotter the air, the better for evaporative cooling.
Therefore, overheating inside the greenhouse can be
avoided by natural or forced ventilation.

Greenhouse agriculture technique is a vital need of the
current century due to rising temperature and global
warming. Food scarcity is one of the main issues being
faced by the current generation in some portions of the
world and this issue might explode to become a global
threat in the coming decades if not properly dealt with.
Owing to the global warming, rising temperature is
causing the spoilage of cultivated crops in cropping
seasons resulting in a below average yield per crop. In
this regard, farmers are striving to meet their and general
population’s food needs. Greenhouse farming is an eye-
catching agriculture technigue in the farming community.
Year-round cropping can be instigated using this
technique. Optimum temperature and humidity control
can be provided to the crop in greenhouses. Major issue
being faced by the greenhouse farming community is
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overheating of atmosphere inside the greenhouse during
high summers. Overheating causes spoilage and Supply pipe e
abnormal growth in plants. To solve this issue, natural \
and forced ventilation as well as temperature and T <
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common practice to produce forced ventilation of the
environment inside the greenhouse. These DX systems
have been proved to be costly, and unfriendly to the
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environment. Flg 1. Pictorial representation of developed indirect

. . . . (IEC) and Maisotsenko cycle (MEC) evaporative
Evaporative cooling (EC) is an alternative, green and cooling systems (a) air channels for MEC, (b) air
low-cost air conditioning system for human as well as channels for IEC, and (c) heat mass exchanger (HMX)
non-human applications as well. EC systems can be for IEC and MEC channels.
categorized into direct evaporative cooling (DEC),
indirect evaporative cooling (IEC) and an advanced form An established fact states that 0.75 to 1 (75% to 100%)
of indirect evaporative cooling called Maisotsenko-cycle air renewal inside the greenhouse can eradicate
evaporative cooling (MEC). Evaporative cooling additional solar heat gain [1].
produces cooling effect using a draft of air flow passing Researchers have extensively studied evaporative
over and/or through water. Water vapors detached from cooling regarding various applications, greenhouse being

surface of water are added into the air creating a water
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one of them. El-Dessouky et al. [2] conducted an
experiment of IEC coupled with DEC unit instigating two
main factors of interest being material thickness and flow
rate [2]. Kittas et al. [3] conducted an experimental study
of a greenhouse and established main parameters
impacting the design of a greenhouse i.e., ventilation rate,
wind velocity, outside air temperature. Air mean
temperature as well as solar radiations were measured.
Results indicated that optimum temperature inside the
greenhouse had a positive correlation with outside solar
radiation intensity as well as ventilation rate, be it natural
or forced ventilation using some equipment [3]. Teitel et
al. [4] numerically computed one-dimensional models
for predicting the temperature, humidity as well as
carbon dioxide flux inside the greenhouse across the flow
of air and compared it with experimental results.
Findings showed that flux varied steeply along the mid
of day due to increased solar intensity [4]. Duan et al.
compiled a review of indirect evaporative cooling
systems being used in different industrial sectors around
the world [5]. Hasan A. provided numerical modelling of
indirect evaporative cooling system and produced
numerical models for performance analyses of an indirect
evaporative cooling system [6].

(a)

Fig. 2. lllustration of (a) conventional greenhouse and
(b) naturally ventilated greenhouse.
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Joudi and Hasan [7] numerically validated a solar
adsorption-based IEC-DEC. Simulation results showed
that inlet air temperature was 19.5 °C and outlet
temperature was 48 °C in Baghdad, Iraq. Temperature
inside greenhouse was 28 °C and a relative humidity
level of 70% [7]. Joudi and Farhan [8] suggested an
experimental solar assisted desiccant-based  air
evaporative air conditioner system. Results showed a
decrease in solar radiation intensity inside the greenhouse
which ultimately reduced the inside temperature for the
climatic conditions of Baghdad, Iraq [8]. Li and Wang [9]
reviewed air conditioning methods for greenhouse
application. Mainly, evaporative cooling systems were
highlighted in the review in viewpoints of pad, mist and
roof based evaporative cooling [9]. Camelia et al. [10]
studied the impact of direction of greenhouse on the
performance of heating and power consumption. Results
showed that E-W direction was best from power
consumption point of view [10]. Emeish [11] presented
the greenhouse geothermal heating for the climatic
conditions of Jordan. Two study methods were used i.e.,
static method and energy mass balance method [11].
Ghosal and Tiwari [12] created a numerical model using
geothermal energy for heating of greenhouse. Results
showed that 14-23 °C rise inside the greenhouse was
observed while outside air temperature was at freezing
level [12]. Authors have extensively worked on the
present air conditioning technology regarding several
human as well as non-human applications which can be
found in literature [13]-[18]. Hasan A. analyzed the
effectiveness-NTU method to provide numerical model
for indirect evaporative cooling system heat and mass
exchanger energy transfer [19]. Costelloe et al. studied
indirect evaporative cooling systems for high
temperature climates around the world [20]. Zhao et al.
studied experimental materials for heat and mass transfer
in indirect evaporative cooling systems including metals,
zeolite and fabrics [21]. The authors concluded that fiber
attained metal produced the best results in terms of heat
and mass transfer and purchasing cost [21]. Zhan et al.
numerically studied Maisotsenko cycle evaporative
cooling system and compared the results with
commercially available dew point evaporative cooler
(ISAW TAC-150) [22]. Heiderinejad et al. studied dual
stage direct and indirect evaporative cooling systems for
building application under different climatic conditions
around the world. The authors concluded that 60% power
saving potential could be achieved using dual stage
indirect evaporative cooler and direct evaporative cooler
with merely 55% increase in water consumption [23].
Delfani et al. studied the combined effect of indirect
evaporative cooler coupled with mechanical vapor
compression air conditioner for building air conditioning
application for the climatic conditions of Iran [24].

Fig. 1 shows a pictorial representation of the developed
indirect evaporative cooling (IEC) and Maisotsenko
cycle evaporative cooling (MEC) systems for greenhouse
air conditioning for the climatic conditions of Multan,
Pakistan. Fig. 1(a) shows the air channels for
Maisotsenko cycle evaporative cooling system. Fig. 1(b)
shows the air channels for indirect evaporative cooling
system. Fig. 1(c) shows the pictorial representation of
heat mass exchanger (HMX) and temperature, relative
humidity sensors at both inlet and outlet conditions.
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Fig. 3. Ideal growth zones of different crops in a
greenhouse environment, reproduced with permission
from [25].
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The objective of this study is to investigate the
performance of evaporative cooling-based air
conditioning systems for greenhouse applications for the
climatic conditions of Multan, Pakistan. The desired
design parameters for greenhouse application in general
(excluding vapor pressure deficit) are inside dry-bulb
temperature (°C) and relative humidity level (%) of air
inside green house. Optimum growth for plants is
necessary to maintain an optimum yield production. The
proposed evaporative cooling-based air conditioning
system has been illustrated in Fig. 3 with cool air being
blown into the greenhouse and warm air being released
from the greenhouse producing a forced ventilation as
well as nullifying the overheating effect of solar radiation
intensity in an enclosed space (greenhouse).

Fig. 4. Proposed evaporative cooling-based air conditioning system for greenhouses.

2. METHODOLOGY

2.1 System specifications and design conditions
Climatic data and system outlet data for the present study
was obtained from DEC, IEC and MEC experimental
systems installed at Department of Agricultural
Engineering, Bahauddin Zakariya University, Multan.
Effective area of experimental systems both IEC and
MEC systems was 0.1032 m? and 0.0871 m? for DEC.
System was designed to achieve certain thermal and
humidity comfort zone levels which are recommended
for optimum greenhouse conditions in literature. Fig. 2
represents some crops’ optimum thermal comfort zones
inside the greenhouse environment. A general ideal
growth zone for different crops in greenhouse is also
marked in Fig. 2.

2.2 Experimental uncertainty

2 2
- _Sewp Sewp
Tewy =% \/ ( SDBTSyS.aDBTSyS) + (222 oWBT)
M)

_ Seap 2 Seap 2
Oggp = J (—SDBTSyS'aDBTSYS) + (—SDPT'GTW)
)

where, ge,,; represents uncertainty in the wet bulb
effectiveness of the experiment and o, represents the
uncertainty in the dewpoint effectiveness (correlating
with dewpoint temperature of the working air (DPT)) of
the experiment. s DBTy,,;, oW BT are the fixed measuring
instrument uncertainties (x1 °C). Total experimental
uncertainty o¢,,;, in MEC, DEC & IEC systems is £0.09,
+0.08 and +0.09, respectively. oegy, is £0.14 in MEC.

2.3 System performance analysis

Tinlet_Tsys
Edewpoint - Tintet—DPT (3)



Proceeding of International Exchange and Innovation Conference on Engineering & Sciences (IEICES) 6 (2020)

10 r -A-T amb -®T MEC
—e-T DEC —eT_IEC
0 I I I I I I I I I
1 3 5 7 9 11 13 15 17 19 21 23
Hours
100 ]
= -A~RH_amb -8-RH_MEC
80 --RH_DEC ——RH_IEC
J
= 60
= \
I
& 40
20
(b)
O 1 1 1 1 1 1 1 1 1 1 1
1 3 5 7 9 11 13 15 17 19 21 23

Hours
Fig. 5. Profile of temperature and relative humidity of

MEC, DEC, IEC systems & ambient conditions of
Multan.
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(4)

Ewetbulb =

where €gewpoine 1S the effectiveness of the dewpoint
evaporative air conditioner (M-cycle evaporative cooler),
ewetbulb 1S the efficiency of wet bulb evaporative air
conditioner (DEC & IEC), Ty and T,,; represent inlet
ambient air temperature in °C and supply air temperature
at the outlet of each system in °C, respectively. DPT and
WBT show ambient air dewpoint temperature and wet
bulb temperature in °C, respectively.
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Fig. 6. Effectiveness profile of MEC, DEC and IEC
systems.
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3. RESULTS AND DISCUSSION

Profile of the experimental results obtained from the
DEC, MEC, and IEC systems on May 15", 2018 are
represented in Fig. 4. Fig. 4(a) represents temperature
profile of all three evaporative cooling systems compared
to ambient dry bulb temperature conditions of 24 hours.
Fig. 4(b) represents the respective relative humidity
profile. Maximum temperature gradient comparative to
outside dry bulb temperature was observed in case of
MEC i.e., 20.35 °C. DEC produced a moderate
temperature gradient of 12.78 °C. Whereas, IEC could
reach the least maximum temperature gradient of 9.05 °C
throughout the day. In case of relative humidity, MEC
increased the supply air relative humidity to a maximum
of 19.47 % throughout the day, 16.61 % in case of DEC
system and 6.62 % maximum increase in case of IEC
system.

Fig. 6 shows the temperature and relative humidity
conditions of all three evaporative cooling systems
compared to ambient air conditions in viewpoint of
general optimum zone for most of the crops grown in
greenhouse. Evidently, MEC behaved in a best manner to
meet the set design conditions of optimum greenhouse
growth zone, most of the supply air conditions falling
within the zone. The DEC system behaved moderately to
achieve the set point temperature and relative humidity
conditions whereas most of the IEC readings did not meet
the required optimum growth zone represented on
psychrometric chart in Fig. 6.

System performance in terms of dewpoint effectiveness
(eppt) and wet bulb effectiveness (ewst) was also
evaluated for the climatic conditions of Multan, Pakistan
for May 15™, 2018. Fig. 5 represents the ewsr of the DEC
and IEC systems, while gppr in case of the MEC system.
The MEC system performed admirably throughout the
day whereas the DEC system performed moderately, and
the IEC system was found to be the least effective
evaporative cooling system for greenhouse air
conditioning application.
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Fig. 7. Psychrometric representation of thermodynamic
performance of the DEC, IEC & MEC systems on 15%"
May for the climatic conditions of Multan (Pakistan).
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4. CONCLUSIONS

In the present study, three types of evaporative cooling
systems were designed and tested for greenhouse air
conditioning of different crops. Evaporative cooling
option was found to be an effective alternative compared
to vapor compression systems. Key findings drawn from
the present study are:

=  Maisotsenko cycle based evaporative cooling (MEC)
was found to be the most effectiveness option to
achieve set optimum growth zone in a greenhouse
environment.

= MEC system created a dry bulb temperature flux of
20.35 °C compared to outside air conditions.

= Performance of any evaporative cooling system
mainly depended on the inlet ambient air
psychrometric conditions.
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