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Gostract- Tomato has been grown successfully in highlands of Malaysia but the production is insufficient to meet the large market dh

systems.

mand due to the problems associated with high temperature and relative humidity and lack in control system for the crop growing micro-
environment. The objective of this work was to evaluate the performance of ventilation system by analyzing temperature and relative hu-
midity based on vapor pressure deficit for greenhouse production of tomato in lowland conditions. A low-cost microcontroller-based data
acquisition system was developed for the purpose of monitoring and collecting climate data in three days from inside and outside of a
greenhouse located at the Universiti Putra Malaysia. The performance of pad-and-fan system was evaluated through an engineering ap-
proach by calculating the efficiency of evaporative cooling method for lowland conditions. The analysis results showed that proper utiliza-
tion of natural and mechanical ventilation is a more effective way of providing acceptable growth conditions compared with pad-and-fan
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Introduction

The ultimate goal of any greenhouse control system is to minimize
the input cost per unit of production and to increase the yield while
maintaining production quality. Malaysian import bills on food prod-
ucts show a high demand on temperate agricultural crops. The
lowlands of Malaysia experience a hot and humid climate through-
out the year (temperature range: 21-32°C, relative humidity (RH):
80-90%, solar radiation: 12-20 MJ/m2, wind speed: 2-22 m/s, and
heavy rainfall 2032-2540 mm. Two major challenges in this region
are high temperature and humidity; hence the main purpose of
using a greenhouse in lowlands of Malaysia is to protect plants
from extreme temperature, rain, wind, insects, and diseases. A well
-designed and managed greenhouse environment reduces produc-
tion costs, improves yield, and maintains crop quality.

Improving control systems that are suitable for Malaysian environ-
ment can potentially increase the production of locally grown fruits
and vegetables. Advanced control methods such as feed-forward
and feedback adaptive control, robust control, non-linear and opti-
mal control, evolutionary algorithms, fuzzy control, and neural net-

work methods have been discussed in a number of papers [1-6].
An important drawback in utilizing such control methods in a green-
house environment is the difficulty in developing the dynamic mod-
el to simulate the behavior of the variables. A climate model to
predict the temperature and humidity inside a greenhouse has
been developed by [12-15]. Ultimately, the goal of any of these
greenhouse control systems is to minimize the input cost per unit of
production and to increase the yield while maintaining production
quality.

The objective of this work was to evaluate performance of ventila-
tion and pad-and-fan system for greenhouse production of tomato
in lowland Malaysia. Temperature and relative humidity data was
collected using a custom designed data acquisition system from an
experimental greenhouse located at the campus of Universiti Putra
Malaysia. Vapor pressure deficit was used to measure optimal air
moisture conditions for plant production under different tempera-
ture levels. Based on the result of this study, it was shown that
proper utilization of ventilation system can effectively provide a
comfortable climate for greenhouse production of tomato.
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Material and Methods
Environmental Data

The ideal temperature and relative humidity at different growth
stages of tomato was determined using a decision support system
developed by [7]. According to this program, relative humidity in the
range of 60% to 80%, and temperatures between 22°C and 30°C
are ideal for tomato. The 20-year weather data for lowland environ-
ment provided by Meteorological Department of Malaysia shows
that temperature ranges from 25°C to 33°C and relative humidity
from 80% to 99%. Due to the interrelationship of temperature and
relative humidity, the 20-year meteorological data was converted
into the corresponding VPD values according to the procedure
illustrated by [8] (Fig. 1). The accurate VPD range for each growth
stage of tomato was also determined by converting the values of
ideal temperature and relative humidity as given by Table 1.
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Fig. 1- The 20-year Malaysia meteorological data and correspond-
ing VPD for each month

Table 1- Ideal VPD for the five growth stages of tomato
Ideal VPD (kPa)

h
Growth Stage Cloudy Day Night

Germination 0.84 0.84 0.84
Seeding 0.840-0.891 0.746 0.884
Vegetable 0.855-0.963 0.843-0.955 0.841-0.935
Early fruiting 0.855-0.963 0.843-0.955 0.841-0.935
Mature fruiting 0.855-0.963 0.843-0.955 0.841-0.935

It can be observed from Fig. 1 that the 24 hour temperature and
relative humidity of lowland regions with a mean VPD of 0.56 kPa
are close to the ideal growth conditions, therefore, a simple ventila-
tion system would be sufficient to provide tomato with a comforta-
ble environment and keep the inside conditions close to the ideal
VPD values. To test this claim, a low cost microcontroller-based
data acquisition system was designed and developed for data col-
lection. Major parts of the hardware included a BS2P24 microcon-
troller from Parallax (Fig. 2), a 4 by 20 segments LCD display from
Hitachi and three SHT11 temperature and humidity sensors from
Sensirion (Fig. 3). Each sensor was interfaced to the microcontrol-
ler over two input and output (I/O) pins with a 4.7 kQ pull-down
resistor on the clock to avoid sensor lock-up as shown in Fig. 4.
The microcontroller was programmed in basic stamp language to
read the sensor modules and display real-time data on the LCD.
The temperature and relative humidity readings were sent to a
personal computer through RS232 communication. The circuit
diagrams for microcontroller connections are shown in Fig. 5.

Fig. 2- BS2P24 microcontroller

Data O———

Clock  C————gp——

Wiz Vas

Fig. 4- Circuit diagram of sensor connections
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Fig. 5- Circuit diagram of the data acquisition system

Efficiency of Evaporative Cooling System for Lowland Envi-
ronments

Depending on the size of greenhouse, pad-and-fan systems utiliz-
es one or more exhaust fans installed at one end of the green-
house with a large pad at the opposite end. A pump circulates wa-
ter through and over the pad to let the thermal energy of the air be
absorbed by the water. We consider a general representation of
evaporative cooling in which air with temperature i and relative
humidity of #* enters a long duct and exists with temperature &

and relative humidity of ¥z as shown in Fig. 6.
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Fig. 6- Schematic view of a general evaporative cooling system, T,
is less than T4

The thermodynamic values for this system are provided in Table 2.
We can show that with evaporative cooling, the air temperature can
be decreased to the temperature of the supplying water, or

— IIT'- = h'u
=T gy "2 73 (fig. 8). Assuming ideal-gas behavior for

air and water vapor, constant-pressure and an adiabatic process,
and in the absence of any work interactions, solving mass and
energy balance equations for this system yields:

My = Wy — wy)miy, (1)
mc[hc_i."' L'-'th_i.:' +mi:hi: = mc':hc_! + ”-'Ehv_!:' (2)
Using the water mass conservation expression to eliminate iz

in equation (2), after simplifying and rearranging, we will have:

hos—hga— walhys —hig) + wy(hyy —hiy) =0 ©)
In the best case, with the above system, the output air will be maxi-

mally cooled down to the temperature of the supplying water, S

Substituting 2 =% and hia=hia 4 (3), we can express the

enthalpy difference of the air and approximate the enthalpy of the
water vapor as follow:

|ITr:_i._ hc_! = Cp_cug':ri iy
Ry % Rg(Ty) (4)

Substituting for hoa : Ros in the combined mass/energy conser-
vation expression to solve for “* and by using the definition of
humidity ratio (mass of water vapor per unit mass of dry air) and its
relation with water vapor partial pressure, the relative humidity of
air at the inlet as well as the relationship between air temperature
at the inlet and outlet of the evaporative cooler is given can by
equation 5 and 6 respectively:
_ Cpapg(Ty — To) +wgheg(T3)

oy = - -

t Re(Ty ) — hg(Ty)
@, = Py

LT Bgr(Ty) ()
=T -3 -5 (6)

Table 2- Thermodynamic table for evaporative cooling system
shown in figure 6.

Ty 25 ‘C
T2 20 C
T3 20 C
Coa (225 1.0065 kiikg.K
hg (20°C) 2537.4 kg
hr (20°C) 83.914 kiikg
Peat (20°C) 23303 kPa
h (25°C) 2546.5 kiikg
hie (20°C) 24535 kg
Py(T3) = Psat(Ts) 2.3393 kPa
[ 20122 kPa
w3 0.014

w1 0.012603

» 100 %

o 63.5 %

Results and Discussion

The experimental greenhouse under the study was located in the
campus of Universiti Putra Malaysia and had a floor area of 56.25
square meter (4.5 by 12.5 meter) with a height of 4.7 meter. The
structure was covered by Polyethylene plastic film. The ventilation
system that was installed on the greenhouse included two exhaust
fans operating at 4300 cubic feet per minute (cfm) and three intake
shutters each 1.25 square meter. Using the custom designed data
acquisition system, temperature and relative humidity data was
collected every 30 minutes in three consecutive days on 7, 8 and 9
September 2007 from inside and outside of the greenhouse. Data
were converted to VPD values and corresponding plots are shown
in Figure 7 and Figure 8.

Plot of temperature data in day 1
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Plot of temperature data in day 2
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Fig. 7- Plots of Temperature and relative humidity in three consec-
utive days from inside and outside of the greenhouse

Plot of VPD data in day 1
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Fig. 8- Plots of vapor pressure deficit in three consecutive days
from inside and outside of the greenhouse

The analysis of evaporative cooling show that the amount of cool-
ing that a pad-and-fan system can achieve, highly depends on the
water content of the outside air. According to equation (5), for a
change of temperature from 25°C to 20°C with 100% relative hu-
midity at the outlet, the relative humidity of air at the inlet (station 1,

fig. 8) should be #3:5% 1 the other words, these systems are
most effective in regions with relative humidity less than 65%. High
humidity has always been a big challenge in greenhouse environ-
mental control due to its interaction with temperature. Unlike rela-
tive humidity, VPD is independent of temperature and is directly
related to plant transpiration, which is known to be important to
ensure good plant growth as it better reflects the plant’s health by
quantifying how close the greenhouse air is to saturation. Studies
show that the fungal pathogens survive best at VPDs below 0.43
kPa. Furthermore, disease infection is most damaging below 0.20
kPa. Thus, the greenhouse climate should be kept with a VPD of
above 0.43 kPa to prevent crop disease. A VPD between 0.8 and
1.0 kPa (8 and 10 millibars) was determined as ideal.

The statistical two-sample t-test was used to test the null hypothe-
sis that with an appropriate ventilation system operating in a low-
land greenhouse, the mean of inside temperature and relative hu-
midity is not significantly different with their values of outside. In
addition to that, one-sample t-test was used to compare mean of
VPD values inside greenhouse with the ideal values of the VPD in
the five growth stages of tomato. The p-values corresponding to
the test statistics in each case are given in Table 3. From this re-
sult, it can be observed that the means of inside temperature and
relative humidity are not different from outside values at any rea-
sonable significant level. This result also indicates that the combi-
nation of temperature and relative humidity data inside greenhouse
produce vapor pressure deficit that is not significantly different from
the desired values for tomato production.
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Table 3- P-values from test statistics of data comparison

P-value
Temperature RH
07-09-2007 0.698 0.001 0.252
08-09-2007 0.541 0.954 0.18
09-09-2007 0.829 0.04 0.128

A combination of a natural and a mechanical ventilation system
can provide adequate air exchange and distribution that will even-
tually reduce ambient temperature and humidity to the outside
level. Air circulation can be enhanced by Horizontal Air Flow (HAF)
fans that reduce temperature and humidity gradients by mixing the
air. Information about size and number of fans, level of static pres-
sure difference, and inlet/outlet functions as well as details on how
to reduce condensation are addressed by [8] and [10]. Ventilation
efficiency can be enhanced by considering issues such as plant
row arrangement and greenhouse height. Rows of plants should be
arranged parallel to the ridge or gutters of the greenhouse struc-
ture. A taller greenhouse improves climate uniformity and provides
a larger internal air volume, which prevents rapid microclimatic
changes inside the greenhouse. Greenhouse shading can also
reduce solar radiation on the plants by 20 to 80 percent light inten-
sity reduction which help keeping inside air temperature closer to
the outside. Utilizing appropriate ventilation design will reduce the
load on other cooling systems. With a well-designed greenhouse,
very little energy will be required to create an optimal controlled
environment plant production system in lowland Malaysia.

Nomenclature

& : constant pressure specific heat U/kg. K]
. constant volume specific heat Uke-£1
® . specific energy U/ks]

¥ relative humidity

" - enthalpy kel

M mass el

™ - mass flow rate <9/

- pressure [/m?]

T : temperature [c

™= Wet bulb temperature e

¥ volume [m7]

¥ . specific volume L™ /<41

Y - volumetric flow rate [ m'/s ]

o

: absolute humidity [kg of water vapor/kg of dry air]

: power [W]
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