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Abstract. This research project aims to study the possibility of utilizing solar energy systems in heating the
interior amhicnt air of gable cven-span greenhouses. A section of the southern inclined roof of an experi-
mental greenhousc is employed as a solar water heater to supply hot water. The solar heating process dur-
ing night time is needed to maintain an optimum air temperature (18C). An arithmetic programme is
employed 1o estimate the solar radiation flux incident on the surface of the greenhouse. The thermal per-
formance of the heating system is measured. tested and computed using series of equations. Results of the
experimental work show that the specitic approach of heating the greenhouse for tomato production
enhances the rate of growth and increases the fresh tomato yicld by 46.67% (for winter crop) in compari-
son with the commercial greenhouse (large size greenhouses) of the same reseurch station. Therefore, the
speutfic approach of heating the greenhouse can be utilized for protected cropping. The area of the solar
water heater can be assessed according to the area of ground surface, incoming solar radiation and the
temperature difference between the inside and the outside of the greenhouse.

Introduction

The problems facing greenhouse growers in Saudi Arabia are a direct result of high
costs of production that have not been alleviated by corresponding increased returns
[1]. Most growers have absorbed in part the higher costs and have made great
advances in yield and quality of produce. The decreased profit margins, however,
have made new greenhouse construction less and less attractive. This is especially
true in the light of the continued increase in fuel and clectricity costs and the reduced
certainty of future availability of the large amount of fossil fuels required to heat
existing greenhouses. It is clear that steps must be taken to make greenhouses more
encrgy efficient and less dependent on fossil fuel energy supplies [1].
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As energy conservation schemes for greenhouses are implemented and
greenhouse crops become more competitive with imports, profit margins need to be
restored, if new greenhouse construction is to regain momentum [2]. Designers will
be called upon to produce new, energy-efficicnt designs that make maximum use of
solar energy and are compatible with energy conservation systems and changing cul-
tural practices and crop varieties.

There is a great dearth of information regarding greenhouse tomatoes and
cucumbers grown in tropical and subtropical climates [1]. Such information could be
used to improve the greenhouse vegetable production industry in the Kingdom of
Saudi Arabia [1]. In fact, photosynthesis, respiration, and other essential plant pro-
cesses Involve many chemical reactions that are mainly affected by the plants envi-
ronment 3, p.56].

Greenhouses are constructed and operated to provide an acceptable plant envi-
ronment that will contribute to a profitable enterprisc. Environmental production
problems in the eastern province of Saudi Arabia arc associated with high humidity
and temperature of ambient air in summer and vice versa in winter. Typically and
conventionally, greenhouse tomatoes in Saudi Arabia are planted in October or
November and grow through June with harvest beginning as early as February [1].
During the growing season the interaction between ambient weather and the grower-
managed greenhouse environments affect: (1) the timing of initiation of fruiting. (2)
size and quality of the fruit, and (3) total yield. The dramatic decrease in the ambient
air temperature (particularly at night) during winter scason and vice versa in summer
may be considered as one of the biggest problems in Saudi Arabia’s greenhouse veg-
etable production industry [1].

The use of mathematical models to simulate the profitability of various manage-
ment strategies is employed [4]. Simulation models of crop systems have been
developed to predict crop growth, development, and yield from input data on the
characteristics of a variety crops and weather [5]. Models have also been developed
that predict grecnhouse environmental conditions from ambient climatic and control
system inputs [2,6,7]. Combined crop and greenhouse models have allowed optimal
control strategies for particular circumstances to be cvaluated [8,9]. Ultimately these
simulation models can be incorporated into dynamic, flexible computerized control
systems [10] and linked to heuristic knowledge bases [11-14]. Such systems seem
appropriate for controlling greenhouse environments.

The main objective of this research work is the development of a heating system
for greenhouse tomato production under cold climate, and more specifically, to
determine the design parameters of greenhouses which influence heating system
effectivencss.
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Experimental Facilities

Experimental greenhouse design

An cxperimental greenhouse (gable cven-span) is designed, constructed and
installed at the Agricultural and Veterinary Research Station of King Faisal Univer-
sity (Saudi Arabia). The gross dimensions of the new design of the polyethylene
greenhouse arc 8.0 m long. 4.0 m wide. and 3.10 m height, with 4 net floor surface
area of 32.0 m°. The greenhouse structural frame is formed from the water-gal-
vanized pipes (2 inch diameter). The rafter length is 2.28 m, and gable height is 1.10
m (1 inch diameter), while the height of each side wall is 2.0 m. The rafters arc
inclined at 28.8° {the inclination of the rafters may be greater than the latitude angle
of the place in question by 14%, Al-Ahsa’s latitude angle is 25.3°[1]) to minimize the
side effects of wind-load on the roof of the greenhouse. The side walls are strongly
connected to concrete foundations. In order to transfer gravity uplift and overturn-
ing loads (such as those from crop, suspended equipment and wind) safely to the
ground, twenty tensile wires arc tied and fixed throughout the rafters and vertical
pipes are located in cach side in erder to increase and maintain the durability of the
structural frame and plastic cover. The greenhouse is oriented in an east-west direc-
tion and covered using (.| mm thick polyethylene sheeting.

Design of solar heating system

The solar energy collecting, storage and distributing system is designed, con-
structed and installed in the winter season of 1993-1994. The design of the solar
energy collector is a surface heating system. It consists of ten parallel water pipes (1.3
inch diameter) which are connected to two header tubes (0.75 inch diameter) as
shown in Fig.1. They are painted with matte black paint to absorb the maximum
amount of the solar energy flux incident on the upper surface (facing the sun) of each
pipe, while the bottom surface of the pipes (facing the inside of greenhouse) is
painted with bright white paint to maximize the emissivity and maintain the light
level inside the greenhouse at its optimal level. The solar energy collecting system is
suspended and fixed on the gable roof of the greenhouse and inclined at 28.8° (as well
as the rafter of the greenhouse) from horizontal.

The storage tank is connected to the solar energy collection system by two junc-
tions. One junction 1s between the bottom of the storage tank and the bottom of the
collecting system. The other junction 1s between the top of the storage tank and the
top of the collecting system as shown in Fig. 2. The water is pumped so as to pass
through the solar energy collccting system. After the water has passed through the
collecting system. it is stored in a 200-liter insulated storage tank (see Fig. 2). The dis-
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Fig. 1. Schematic diagram of the experimental greenhouse {gable even-span form).
1) greenhouse door, 2,3) extract fans, 4) solar collector,
5) headertubes(0.75inch) 6)  water pipes (0.5inch),

Fig. 2. Diagram showing the arrangement of solar heating system.
1}  solar collecter 2) insulated storage iank
3.4) water pumps 5} tomate plants
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tributing system mainly consists of four parallel heat exchangers located in§ide the
greenhouse. They are made from water-galvanized pipes (1.5inch diamet.er, m'order
to increase the area of surface heating) and painted with bright white paint (Fig. 3).
The heat exchanger is placed inside the greenhouse on concrete blocks arranged in‘
faur rows to be above the floor surface by 25 cm in order to avoid the side effects of
wet soil and to be as close as possible to the coldest area of the greenhouse. The
heated water from the isolated sotrage tank is pumped to circulate through the heat
exchanger when the ambient air temperature inside the greenhouse is less than 18°C
[9] using a differential thermostat (Fig. 3).
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Fig. 3. Diagram showing the arrangement of distribution system,

1)  heat exchanger 2) differential thermostat 3)  tomate plants
4)  water storage tank 5) water pump
Instrumentation

The ambient air temperatures at various pointed inside the greenhouse are mea-
sured using three temperature sensors (thermistors. national semiconductor.
LM34). Two thermistors are employed to measure the ground surface (sand ground)
temperatures inside and outside the greenhouse. The water temperature in the stor-
age tank was measurcd using two thermistors. One thermistor is placed outside the
greenhouse to measure the exterior ambient air temperature. The temperature of
the polycthylene cover is also measured using the other thermistor. Water pipe tem-
perature of the solar collector and heat exchanger are measured using three thermis-
tors. Wet bulb temperatures inside and outside the greenhouse are measured using
two thermistors. An anemometer is placed alongside the greenhouse to check exces-
sive air currents over the solar energy systems and the greenhousc. Mass flow rate of
water (inside the solar collector) is measured and adjusted using a control valve and
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a measuring cylinder with a stopwatch to be 0.5 kgfs. The control valve is mounted
in parallel with the pipe between the outlet pipe of the solar collector and storage
tank. The measuring cylinder and stopwatch are used to calibrate the flow rate three
times per day throughout the experiments to relate between the actual flow rate in
litres/minute measured by the measuring cylinder and stopwatch and the valve of 30
litres/minute (0.5 kgfs).

One hundred tomato sceds (RAWA F1, produced late 1992, Holland) are plan-
ted in an adapted glasshouse (nursery) on the first of November 1993. The tomato
seedlings are raised in 50 mm peat blocks {cylindrical form) and planted out at the
four leaves stage. They are located inside the greenhouse in four double rows. each
single row having 20 plants. Nitrophoska (18% nitrogen} is used as a ground chemi-
cal fertilizer throughout the growing season. Each plant receives 10 grams (one teas-
poonful) once every week. Twenty plants are planted outside the greenhouse as a
control treatment. Flooding irrigation is employed to irrigate the tomato plants
throughout the experimental work.

Mathematical Considerations

The thermal performance of the solar collector system can be described as fol-
lows[15]:

Q,=RA 1 (Watt) (H
where
Q, = absorbed solar radiation by solar collector.
R = solar radiation available, Watt/m®.
Ac = total surface area of solar collecting system, m?,
T = cffcctive transmittance of greenhouse cover to solar radiation
{1 =10.90 — 0.00437 exp [0.0936 (6 — 30)]}
a = effective absorptance of solar coliector pipes to solar radiation
[ a=10.95—0.00476 exp [0.0940 (6 — 35)]}.
6 = the angle of incidence of solar radiation.
Qon = mC, AT, (Watt) (2)
where
Q. = energy gained in water through the solar collector.

m = mass flow rate of water, Kg/s.
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Cp = specific heat of water, J/Kg/K.

AT = change in water temperatures. K.
Q, =0, - Q. =U_A, (Tp - T.), {Watt) (3)
where
Q, = heat losses from solar collector.
U, = overall heat transfer coefficient, W/M*K.
T, = meantemperature of solar collecting pipes, K.
T, = outside air temperature, K.
Q. i)l
e = = » (0/0) (4)
RA,
where
n. = overall thermal efficiency of solar collecting system.
Q,=m Cp(T, — T,. {Watt) (5)
where ¢
Q, = energy stored in the storage tank.
m = mass of water in the storage tank, kg.

T,,T.= meantank temperature at the beginning and at the end of each hour, k.

Q,
o= —— x 100, (%) (6)
QL‘U“

where; 11 = storage system efficiency.

Heat exchange between the greenhouse and the environment is illustrated in
Fig. 4. Heat exchange between the greenhouse interior and exterior is the sum of
heat available from all sources (such as solar energy, furnace, lighting, electric
motors, etc.) and the rate of heat loss from the greenhouse.

Furnace heat + Electric motor heat + Lighting heat + Solar heat = Heat loss
by conduction through the greenhouse shell + Heat loss by air exchange
between inside and outside ambient air + Heat loss by evaporating water  (7)

Furnance heat is estimated for night heating when there is no sun, and heat from
electric motors and lighting is ignored due to its slight effect on energy balance equ-
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Fig. 4. Heat loss from a greenhouse.

ation. Heat used in evaporating water is also ignored. Therefore, the heating load
added to the greenhouse during night time can be calculated by the following equa-
tion:

Heating load = Q. + Q. (Watt) (8)
Heating load = total heat losses = Q_ + Q_, (Watt) (9
QSUPP = Qconv = Qrad’ (Watt) (10)
where
Qypp = rate of heat flow supplied from the heating system (furnace).
Q.. = convective heat transfer from distributing system to the interior

conyv
ambient air.

Q¢ = radiation heat transfer from the distributing system to the inside
ambient air.

Qo = Ah (T, = T, (Watt) (11)
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where

A, = total surface area of pipe-heated surface, m”,

h = convective heat transfer coefficient, W/m%K.

T, = temperature of pipe-heated surface, K.

T,; = interior ambient air temperature, K.

Qu= €, Ap0 (T‘gp - T, {(Watt) (12)

where

€, = emissivity of the pipe-heated surface, dimensionless.

a = Stefan-Boltzmann constant, 5.67 x 10® W/mZ/K*.

The rate of heat flow (by convenction and radiation) transmitted from the sand
floor surface area (29.3% of the total floor area) to the interior ambient air and con-

sequently to the greenhouse, Q,,,, can be computed from the following relationship:

Qg_uin = Qcon\- —8 + Qrad—»s’ (watt) (13)
where

Quonv s = convective heat loss from sand floor surface area (bare area) to the
interior ambient air.

Quonv—s = Ay b (T — T, (Watt) (14)
where
Agi = surface area of sand floor (bare area), m?,
h, = convective heat transfer coefficient between sand floor and internal
ambient air, W/m¥K.
Tgi = surface temperature of sand floor, K.
Qi = radiation heat loss from floor surface area (bare area) to the interior
ambient air.
Qradas = Egi Agi a (,T?n - T\:i)" (Wa[[) (]5)

where; €, = emissivity of the sand floor surface, dimensionless.

Heat can be lost from the greenhouse in three ways: by convection, radiation
and infiltration. Heat is convected directly through the covering material in convec-
tion loss. In radiation loss, heat is radiated from warm objects inside the greenhouse
through the covering material to colder objects outside. But in infiltration loss, heat



30 AliM. §. Al-Amri

is lost as warm air cscapes through damages (cuttings or cracks) in the covering mate-
riai, as cited by Abdellatif and Licth [16].

0, =0, +0 {Watt) {16)

inf

The combination heat losses (by convection and radiation) through the plastic
cover of the greenhouse, QC and the heat losses due to air infiltration, Q, ;, can be cal-
culated from the following equations:

QL‘ = Z (Ung Aw) [(Tui - Tuh)]‘ (Watt) (17)
Oini =m, Cpu (Tui - sz)‘ (Watt) (18)
where
U, = overall heat transfer coctficient of the greenhouse walls, W/m/K.
A, = area of the greenhouse walls, m?.
T,, = exterior ambient air temperature, K.
m, = mass flow rate of air. kg/s.
m, =M X p (19)
where
M = grcenhouse volume (m*) X air exchange ratc (1/hr)/3600.
p = density of air, kg/m’.

The rate of air exchange between inside and outside is affected by wind, type
and quality of greenhouse construction. Reasonable estimates of air exchange rate
arc given by Aldrich and Bartok [3, p.203]. The rate of air exchange of the
greenhouse under specific conditions (new construction, double layer pulycthylene
film) is one per hour.

The solar gain on sunny days will replace some or all furnace heat (hcating load)
needed to maintain ambient air temperature at the proper level. When the solar gain
exceeds heat loss, the greenhouse air temperature will rise and cooling by ventilation
{(during winter) or cooding using evaporative cooling system (during summer) may be
required. The solar gain (Q_) can be estimated by:

Q=1TA, (Watt) (20)
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where; [ is the intensity of solar radiation flux incident on the front and back walls
of the greenhouse.

The two extract fans which are employed to remove exceeding inside air temper-
ature (= 30°C) provided rate of air ventilation determined by the following equation:

R, =25XLxXWXxF (m*/min) (21

house

where
L = greenhouse length, m
W = grecnhouse width, m

fouse = cortrection factor of the greenhouse, dimensionless.

Results and Discussion

The thermal performance of the solar energy collection, storage and distribu-
tion system is carried out during winter season of 1993 - 1994 (167 days are recorded).
Data arc collected between November 24, 1993 and April 10. 1994, The hourly aver-
age solar radiation available inside and outside the greenhouse is illustrated in Fig.
5. For the duration of the experimental work., the daily-average solar energy availa-
ble is 9.618 kWh/day. The absorbed solar energy varies from sunrise to sunset and
from one month to another according to the incoming solar radiation. The daily aver-
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Fig. 5. Hourly average solar radiation available inside and outside the greenhouse.
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Month Q. (Watt)  Q(Watt)  Q, (Watt) Q. (Wat) Q, (Watt) Q,,(Watt)
November 4765.4 191.5 4956.9 Q0.5 53237 6314.2
Decernber 5286.3 220.5 5506.8 919.7 6062.0 69817
January 6375.6 276.0 6051.6 88011 6686.3 7566.4
February S807.3 260.% 6068, 1 887.4 67931 Tasl.5
March 4860.1 197.5 S57.6 977.3 5570.5 6547.8
April 4385.5 183.4 4569 .4 1089.7 6211.2 7300.9
Mcan 5240.7 217 5468.4 957.5 6107.8 70653
50
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Fig. 6. Relationship between internal and external ambient air temperatures
and water temperature in the storage tank of solar energy system.

The average leaf number of tomato plants throughout the growing season for
the four rows of plants is shown in (Fig. 7). The lowest number of leaves is mainly
obtained from the first row, which is closest to the northern side of the greenhouse
because this row is strongly affected by the cold air surrounding the northern side
wall and the cold atmosphere. The previously obtained data may be explained by the
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age of absorbed solar energy (7.584 kWh/day) which is converted into useful heat
gain to storage during the winter scason is 6.265 kWh/day with an average heat trans-
fer cfficiency of 82.61%. Mathematical analysis of the measured data reveals that
during early morning just after sunrise and just prior to sunset {when the solar radia-
tion at these times is less than 300 Watts and at the same time, the internal ambient
air temperaturc is less than the water temperature in the solar collector), very little
useful heat is gained by the water passing through the solar collector. Also, it is
noticed that the working fluid (water) dissipates some of its heat encrgy into the
internal ambient air particularly just after sunrisc and before sunset.

Thus. the internal ambient air temperature and the wind blowing over the top
of greenhouse roof are found to produce a significant negative etfect on useful heat
collected. Due to the reasons discussed above, the average daily solar collector heat
losses of a daily average are 1.319 kWh/day. Also. and for the same reasons, the
overall thermal efficiency of the surface heating system is 65.14%. The average daily
stored energy in the storage tank during this experiment is 5.435 kWh/day, which
gives an average storage system efficiency of 86.75%. Consequently. 13.25% of use-
ful heat gain to storage is lost during the heating scason. The storage tank is located
outside the greenhouse; and is thus exposed to wind blowing over the system and the
low temperature of ambient air. Further experiments will be employed to compare
the diffcrence between the storage tank located inside and outside the greenhouse.
By locating the storage tank outside less energy is stored than if it is located inside.
However. by locating it outside more area is available within the greenhouse as a
planting area, furthermore, the storage tank will not shade part of the planting area.

The effectivencss of the distribution system (pipe coil) varies from time to time
and from one day to another according to the water temperature in the storage tank
of the solar energy system and the temperature difference between the internal and
external ambient air of the greenhouse. The heat losses from the greenhouse (con-
vection, radiation and infiltration), heat gain from the ground surface, and heat
supplied from the surface heating system are summarized in Table 1, These show
great variation on a daily and monthly basis due to the variation in temperature dif-
ference between internal and external air temperatures (Fig. 6). Thus, the greatest
value of heat losses occurs in January (when the average daily of external air temper-
ature during night is 8.5°C). The stored solar energy actually utilized in the heating
operation is 5.332 kWh/day; so that 88.3% of the solar cnergy stored in the storage
tank is employed. The main parameters affecting the proportion of energy consumed
to heat the greenhouse are: the solar collector surface arca, the external ambient air
temperature, and the stored solar energy.
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Fig.7. Average tomato leaf number for the four rows.

fact that all biochemical reactions in the plant are mainly controlled by enzymes {(en-
zymes are heat sensitive). Numerous biochemical reactions are involved in the pro-
cess of photosynthesis - all having the net effect of building carbohydrates and storing
energy. Photosynthesis occurs during the day light hours becuase of its dependence
on light. Therefore, the fourth row which is continuously cxposed to the greatest
amount of light intensity has the greatest number of leaves. In spite of these vari-
ations in leaf number between the four rows, the average number of lcaves (22
leaves) may be considered as the best number which can be achieved from
greenhouse tomato production during the winter season.

Figure 8 illustrates the average height of tomato plants at certain days of the
growing season for the four rows. It clearly shows that the greatest height of tomato
plants is achieved from row 4. This achievement usually occurs throughout the exper-
iment due to the great number of leaves - the leaf being the main source of energy for
the process of photosynthesis and consequently the building of carbohydrates. As
the green areas of leaves are increased (due to increase of leaf number), the biochem-
ical processes are increased making the process of photosynthesis more efficient.
Thus, the rate of growth is high and remains the same throughout the growing sea-

501,
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¥ig. 8. Average height of tomato plants for four rows.

The average fresh tomato yield for the four rows during this experiment s shown
in (Fig. 9). It clearly shows that the utilization of new aspects in greenhouse tomato
production (which are employed in this cxperimental work) achieves better resultsin
comparison with the tomato plants outside the grecnhouse and compared to the pro-
duction of the commercial greenhouse at the same rescarch station (average fresh
yield = 1.50 kg/plant}, while the average fresh tomato yield obtained from this exper-
iment is 2.20 kg/plant. Conscquently, this new greenhouse is found to give an aver-
age of 46.67% greater production than commercial greenhouses.

Conclusions

The solar energy collection (surfuce heating) as well as the storage and distribu-
tion system (heat exchanger) operate satisfactorily throughout the experimental
work. Ultimately the methods of greenhouse tomato production employed in this
rescarch work enhance the rate of growth and incrcase the fresh tomato yield by
46.67% in comparison with the commercial greenhouse at the same reseasrch sta-
tion.
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