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Abstract

Three identical gab!e-evén-span greenhouses were designed,
constructed, and utilized to grow and produce hot pepper crops
during winter season of 2005. Each one was equipped with
complete  solar heating systems (solar water heater, storage tank,
and heat distributing system). Three similar heat distributing
systems {using paraliel flow) were designed, constructed and
situated inside the greenhouses to utilize the stored energy from
the storage tank for heating ambient air inside the greenhouses.
The greenhouses were covered using three different glazing
materials, corrugated fiberglass reinforced plastic, flat fiberglass
reinforced plastic, and double layer of polyethylene. Each
greenhouse was provided with 75 pots as a cultivation system for
protected .cropping, drip irrigation system for watering pots of crop
(hot pepper), and microclimate control board. A microclimate
computer based data-logger system was employed to read, display,
and record (from sensors) various temperatures, solar radiation, air
relative humidity, and wind speed. The obtained data showed that,
the radiation heat transfer between the heating systems and the
crop ensured that, the leaves in the lower part of the crop,
particularly those facing the pipes, were commonly warmer than
the ambient air, and those in the upper part colder than the
ambient air, during heat up. The temperature of the crop leaves
during heating process should be higher than the dew point
temperature, in order to prevent condensation and thus reduce the
risk of fungal diseases. The obtained results also revealed that, the
solar energy system provided the following proportions of the total
energy consumed in February, March, Aprii, and May, respectively
67.51%, 69.02%, 75.59%, and 80.98%.

INTRODUCTION

The requirements for heating a greenhouse reside in the task of adding heat
at the rate at which it is lost. Heat loss- is proporticnal to the surface area of the
greenhouse structure, Factors that influence the temperature and relative humidity of
greenhouse air are: solar heat gain, furnace heat, heat from eguipment, plant
respiration, photosynthesis, evapotranspiration, thermal radiation exchange between
the greenhouse and its surroundings, conduction through the greenhouse floor,
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conduction through the greenhouse structural cover, ventilation, infiltration-exfiltration
through building cracks, and condensation (Aldrich and Bartok, 1990, and Nelson,
1996). The utilization of warm water, heated by any source for heating a greenhouse
is becoming increasingly popular because the water is a low cost source of heat.
Rising fuel prices are having a significant effect on heating process of the greenhouse
and consequently further development of the greenhouse industry. This has directed
research efforts along two paths: (a) improving the greenhouse structure to reduce
energy losses, while maintaining a desirable growth environment, and {b) developing
alternate energy sources such as solar, wind, reject heat from power plants,
gecthermal energy, and any other sources to meet greenhouse heating demand
(Nelson, 1996).

The solar coliector which had a capacity of 93, 105, and 128 kWh of daily solar
energy in January, February, and March, respectively, from an area of 40 m?was used
for heating a greenhouse. The efficiency of the system ranged from 44 to 64 %. Four
tons of water (the optimum amount) stored in the tank could be heated from 13 - 19
°C to 33 — 40 °C in January and February and to 41 — 46 °C during March when using
this system. The stored solar energy was used to heat a greenhouse, only 45.7%
could be effectively used for heating, the remaining 54.3% being lost. It was more
than sufficient for heating in December and March, but provided less than the total
heat requirement in January and February. The estimated fuel saving using solar
energy was 62% at 8 °C and about 50% at 12 °C during the winter months
(Suganuma et a/, 1984,Hepbasli and Ozgener, 2004, and Kalogirous,2004).

Five years of horticultural experimentations in greenhouse heated by low energy
water supplies (25 — 30 °C) were carried out by Monocousin ef a/. (1991). They proved
that, it is possible to heat a well desighed greenhouse using water at 25 — 30 °C and
suitable heat exchangers. They also found that, use of thermal screen reduced heating
requirements by 40% without affecting plant growth. Heating systems installed on or
in the ground gave a 15 — 20% reduction in heating requirement as compared with
aero convector heating, whilst maintaining good quality of tomato and
chrysanthemum crops.

The stored solar energy in the storage tank was used for heating the Nutrient
Film Technique (NFT) soluticn for growing tomato crop inside the greenhouse by
Abdellatif et a/. (1992). The obtained results showed that, the total energy consumed
{solar and electrical energy) in heating processes was 1200.2 kWh of which 971.7 kWh
solar energy stored in the storage tank was used, consequently, 80.96% of the total
energy was provided from solar energy systems. Heating NFT solution to maintain an

optimum root media temperature of 18° C enhanced the rate of absorption of nutrient
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elements which influenced the increasing tomato stem length, stem diameter, number
of leaves, fruit-set and yield of tomato crop.

The possibility of utilizing solar energy systems for heating the interiors of
gable-even-span greenhouse in Saudi Arabia was studied by Al-Amri (1996). A
section of the southern inclined roof of an experimental greenhouse was employed as
a solar water heater to supply hot water. The solar heating process at night was
needed to maintain an optimum air temperature (18 °C). The heating system was
enhanced the growth rate of tomato crop and increased the fresh yield production by
46.67%. The area of the solar water heater can be assessed according to the ground
surface area of greenhouse, incoming solar radiation and the temperature difference
between the inside and the outside of the greenhouse.

Li et a/ (1998} investigated the use of solar energy to heat irrigation water in a
solar greenhouse during winter months under Chinese climatic conditions. They found
that, during late November to early February, the average outside temperature at 8
am was — 6.1 °C and the inside temperature was 7.5 °C, while at 14 and 20 hour
outside temperatures were 3.9 and — 0.9 °C, respectively, and inside temperatures
were 25.8 and 15.5 °C. Water temperatures at these times without heating were 7.9,
8.9, and 9.2 °C, respectively. Water temperatures with solar heating were 12.2 °C with
cream pipes, 12.5 °C with black pipes, and 12.2 °C with half black pipes at 08.00 hour,
34.5, 39.1, and 40.0 °C, respectively, at 14.00 hour and 22.2, 23.2, and 22.2 °C at
20.00 hour.

A seasonal thermal energy storage using paraffin wax as a PCM with the latent
heat storage technigue was attempted by Ozturk (2004) to heat the greenhouse of
180 m’ floor area.. During the experimental period, it was found that the average net
energy and exergy efficiencies were 40.4% and 4.2%, respectively. The effect of the
temperature difference of the heat transfer fluid at the inlet and outlet of the LHS unit
on the computed values of the energy and exergy efficiency was evaluated during the
charging period.

The main chjective of the present research work was to utilize the stored solar
energy in the storage tank to provide and maintain positively a temperature of 18 oC
inside the greenhouses at night time during winter season of 2005 for hot pepper
production. Also to compare whether three glazing materials (corrugated fiberglass
reinforced plastic, flat fiberglass reinforced plastic, and polyethylene sheet) differed
significantly in the heat energy supplied and transferred to the microclimate of

greenhouses.
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MATERIALS AND METHODS

Three identicai gable-even-span greenhouses were designed and constructed in
the workshop of the Department of Agricuitural Engineering, Mansoura University and
installed on roof of the Department as shown in Fig. (1). Each one having a gross
dimensions of 8 m long, 4 m wide, and 3.25 m high, with a net floor surface area of
32 m*. The greenhouse structural frame is formed of 25 mm square cross-section iron
bar. The rafter length of the greenhouse gable is 2.25 m and gabie height is 1.02 m,
whilst the height of each side wall is 2 m. The rafters were tilted at 27° to minimize
the side effects of wind load and intensity of solar radiation on the roof of the
greenhouse during summer months. At the same time it may be maximized the solar
radiation flux incident on the inciined roof of the greenhouse during winter months.
Moreover, with this inclined angle (27°) condensation will run down the underside
rather than dropping from the cover, damaging crops and encouraging diseases will
be minimized. The vertical bars (side walls) were strongly connected to the concrete
foundations 23 c¢m high in order to transfer gravity, uplift and over turning loads such
as those from, crop, suspended equipment and wind, safely to the ground. The three
greenhouses (greenhouse 1,2 and 3} were covered using 800 y thick flat fiberglass
reinforced plastic, corrugated fiberglass reinforced plastic (FRP), and double layer of
polyethylene sheet, respectively. The greenhouse facility used in this research
work during winter season of 2004/2005 was covered with the ratio of cover surface
area to the total greenhouse surface area of 2.685. To maximize the solar energy
available inside the greenhouses, they were crientated in East-West direction,
where the southern longitudinal direction faced into the sun's rays.

To provide and maintain positively a temperature of 18 °C at night time during
winter months, such as is required for hot pepper production , each greenhouse was
equipped with a complete solar heating system (solar water heater, storage tank, and
heat distributing system).. To utiiize the stored energy from the storage tank for
heating ambient air temperature inside the greenhouses, three similar heat
exchangers using parallel flow system were constructed and installed inside the
greenhouses as shown in Fig. {2). The heat distributing system mainly consisted of six
parallel rows of water galvanized pipes (25.4 mm diameter) were placed at a
horizontal distance of about 75 cm between successive pipes, to provide adequate
area of heat transfer. The heat exchangers (heat distributing systems) were placed
inside the greenhouses en an iron stand arranged in six rows to be above the floor
surface by 35 cm (the coldest zone inside the greenhouse). The heated water from

the insulated storage tank was pumped to circulate through the heat exchanger when
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the ambient air temperature inside the greenhouse is less than 16 °C using
environmental control board (differential thermostat). It was switched OFF when the
set point (reference value) reached 18 °C.

Reducing temperatures is one of the main problems facing greenhouse management
in warm climates such as in Egypt. One of the most efficient ways to reduce the
difference between the inside and outside air temperature is to improve ventilation
system. Natural or passive ventilation system uses very little external energy as
opposed to active or forced system, but it increases the complexity of greenhouse
structures and makes climate control more difficult, Therefore, the mechanical
ventilation system (suction fans) was employed during this research work. One suction
fan (single speed, direct driven, 60 cm diameter, and 8000 m’h discharge) was
located on the leeward side of each greenhouse and the cooling pads on the side
toward the prevailing winds as demonstrated in Fig. (3). The cooling process by
ventilation was mostly used when the ambient air temperature outside the greenhouse
is lower than 20 °C, but when it is greater than 20 °C, the evaporative cooling system
must be used. The evaporative cooling system was mainly consisted of cooling pads
and suction fan. A cross-fiuted cellulose pads were mounted in a vertical fashion. A
polyvinyl chloride (PVYC) pipe (12.5 mm diameter) was suspended immediately above
the pads. Holes were drilled in a line about 5 cm apart along the bottom side, and the
end of this pipe was capped. A baffle was placed above the water pipe to prevent any
leakage of water from the system. A sump (gutter) was mounted under the pads to
collect the water and return it into the water tank from which it can be recycled to the
pads by the pump.

For the duration of this research work, the pots system was employed as an
agricultural system for protected cropping (hot pepper). Each greenhouse was
equipped by 75 pots (30 ¢m high and 28 cm diameter). These pots contained a
mixture of three different twpes of soil, clay soil {pasteurized at 105 oC for 20
minutes), pure yellow sand, and Irish peat moss with ratio of 1 : 1 : 1. In addition to
this mixture, each pot taking half kilogram of compost as an organic substance.

Each Irish peat moss bag (volume of 0.3 m3 and weight of 60 kg) was treated and
enriched by adding some chemical substances (75 g of Rizolex-T 50% as a
disinfectant substance, 30 kg of vermiculite as an enriched material, 0.5 kg fertilizer
. 19-19-19 + TE, 150 g of super phosphate (single), 100 g of potassium sulphate, and
75 g of iron).
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Fig. 1. Schematic diagram of gable-even-span greenhouses.
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Fig. 2. Diagram showing the arrangement of solar energy system and heat
distributing system (using parallel flow).
(1) Solar water heater. (2) Insulated storage tank.
(3), (4) Water pumps. (5) Heat distributing system.
(6) Hot pepper pot.

Fig. 3. Schematic diagram of ventilating and cooling systems
(fan and pad system).
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A correctly designed irrigation system will supply adequate amount of water
needed each day of the year. This amount will depend upon the area to be watered,
crop grown, weather conditions, time of the year, and whether a heating or ventilating
system is operating. Drip irrigation system was employed and installed inside the
greenhouses throughout this experimental work, for watering pots of hot pepper. It
consisted of four components, water tank, main piping line, sub main piping line, and
drippers. A 200 liters scaled plastic water supply tank (96 cm high, and 55 ¢m
diameter) was [ocated inside the greenhouse on 1 m above the ground surface in
order to provide adequate pressure for maximum use rate of water. A galvanized
water pipe (254 mm ~ 1 inch diameter) was used as a main line to pass the
irrigation water from the water tank into the sub main lines. A polyvinyl chloride (PVC)
pipe (19 mm ~ 3/4 inch diameter) was used to pass the water uniformly throughout
the drippers. Fifteen drippers (14 mm diameter and 4 liter/hr discharge) were
uniformly alternative distributed with 40 cm dripper spacing throughout each row or
plants inside the greenhouses. Three hundreds and fifty hot pepper seeds (Hybrid,
F1) were planted in the nursery on 25" of December 2004. The hot pepper seedlings
were raised in trays (each tray having 100 growth biocks) and vegetated out at the
four leaves stage with a length on average of 4.8 cm. They were planted inside the
greenhouses on 10" of February 2005 in five single rows, each row having 15 plants.

The meteorological data from a meteorological station {(WatchDog model 550)
installed just above the greenhouses were used. This station measured solar radiation
flux incident on a horizontal surface (pyranometer), dry-bufb air temperature
(ventilated thermistor), wind speed and direction (cup anemometer and wind vane),
and air refative humidity (hygrometer). These sensors were connected to a data-
logger system in order to test, display, and record the data throughout the
experimental work. The data were displayed on the video screen and updated by a
scan of all the sensors every 1 minute. The means of 60 scans were recorded on hard-
disk every hour using a data logging programme {SpecWare 6.02).

Sensors for internal microclimate variables within the centre of the
greenhouses were installed at an aititude of 1.8 m above the ground surface. The
internal microclimate variables included global solar radiation above the canopy of hot
pepper (at a height of 2.0 m), dry-bulb air temperatures, air relative humidity, pipe
temperatures of heat distributing systems (parallel and series flow systems), and
ground surface temperatures. The amount of heat added to the greenhouses was
deduced from the measurements of the water temperature at the inlet and outlet of
the heat distributing systems and from the water flow rate measurements. These

sensors were also connected to a data-logger system to examine, display, and record
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the data throughout this research work. The microclimate data inside the greenhouses
were also displayed on the video screen and updated by a scan of all the sensors
every 60 seconds. The means of 60 scans were also recorded and stored in a
computer file every hour using the same data logger programme. A platinum
thermometer (which is very accurate and is often used as the standard against which
other sensors are calibrated) was employed to calibrate the thermocouples by
measuring the water temperature in the storage tank and comparing this reading with
the computer reading for the relevant thermocouples. The three solarimeters
{pyranometers) were calibrated with a Kipp pyranometer (Kipp and Zohne, Australia)
under clear sky conditions. The solarimeters were placed in the same horizontal plane
as the Kipp pyranometer outside the greenhouse. The output data were recorded
every ten minutes for about nine hours each day for two days.

The steady state energy balance was computed using a series of equations
(Abdellatif and Lieth, 1992, Mavrogianopoulos et af, 1993, Teitel ef a/, 1996, and
Teitel et a/ ., 1999), as follows

qupply - Quoss + anin =0 (1)
qupply = QLoss - anin ! Watt (2)
Quoss = Qo + Qi , Watt (3)
Qua = U, Ay (Tai - Tao) , Watt (4)
Qe = My Cpa (Ty - Tao) , Watt (%)
anll‘l = Qconv. + Qra » Watt (6)
Qeomv. = hg Ag (Tgi = Ta) , Watt (7)
Qu = €, Ago (T4 - T}) , Watt ®
Q5upply = qup,st + qup,un ; Watt (9)
qup,st =m ch (Tm - Tout) , Watt (10)
qup,um = {my pr + Mg Cpp) [Tav - Tl , Watt (11)
Q|'at| = Ep AP G ( T:) - T:. ) ' Watt (12)
Qloaa = qupply + anin , Watt (13)

The effectiveness of the heat distributing system can be calculated as a function of
inside air temperature (t;), outside air temperature (t,.}, and set point temperature

(top) by the following formula :-

Eg = —2=—-2° x 100 , Yo (14)
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Data were measured and stored in microcomputer files and statistically

analyzed using Excel programme. Empirical equations for energy balance on the

greenhouse at night time and predicting ambient air temperature inside the

greenhouse were developed. All the previcus equations were employed and listed in

an arithmetic programme written in BASIC. One of the most useful appfications of

computer models of physical probiems is simulation. Once a model is tested and found

to be accurate, it can

be used to predict results which could otherwise be obtained

with extensive and costly experimentation.

Nomenciature

A; bare floor surface area, m’

A, total surface area of heating pipe, m”.

A, surface area of walls, m’

Cp, specific heat of air  1/kg.°K

Cop specific heat of the pipe materials , J/kg.’K
Cp.  specific heat of hot water,

kg oK

Ew heat distributing system effectiveness, %

h,  convective heat transfer coefficient, W/m>.

K.

M greenhouse volume (87.68 m?) X air
exchange rate , m’/s.
m mass flow rate of hot water, kg/s
m, mass flow rate of cold air, kg/s
mp  mass of pipes, kg
My mass of water in pipe, kg
QCDHV.

Qinr rate of heat losses due to air infiltration,

convective heat loss from the floor, Watt

Watt.
Quain rate of heat energy gain, Watt.
Quc rate of combination heat losses, Watt.
Quoas rate of total heat load added to the

greenhouse, Watt

Quoss rate of heat losses from the greenhouse,
Watt,

Q... Radiative rate of heat transfer from bare floor area,
Watt

Qraa.  radiative heat rate of transfer framheat distributing

pipes, Watt

Qsuppiy rate of heat energy supplying to the greenhouse,
Watt.

Qaupst rate of heat energy supply from the heat

distributing system, Watt.

Qsup,un rate of heat energy supply during the  cooling-
down, Watt
Tai mean ambient air temperatures inside the

greenhouse, °K.

T mean ambient air temperatures outside the
greenhouse, °K.

Tay average of inlet and outlet water temperatures at the
beginning of coaling —dawn phase (Tay =( T,
Tout }/2), °K.

T. mean pipe and water temperatures at the end of

cooling —dawn, °K

Tin  iniet water temperatures, °K

Tgi temperature of bare floor area, °K.

Top Optimum air temperature (set point), °K.

Tout outlet water temperatures, °K

U, overall heat transfer coefficient, W/m?/°K.

£ density of air, kg /m’®

E, emissivity of floor surface area, decimal

E, emissivity of pipes, decimal

G Stefan —Bolzmannconstant, 3.67 x 107°

W/mE K
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RESULTS AND DISCUSSION

The total solar energy available was 1523.510 kWh of which 1022.987 kWh was
stored in the storage tank of each sclar energy system. The total electrical energy
consumed for water heating (as a supplementary heating when the solar energy was
insufficient) and sclar panel pumps for greenhouses 1,2 and 3 was 368.218, 359.514
and 374.144 kWh, respectively. Consequently, 72.97%, 73.26%, and 73.59% of the
total energy was provided by the solar energy system for the three greenhouses,
respectively. The total and daily average solar energy stored, solar energy consumed,
electrical energy consumed by pumps and heaters, total electrical energy consumed,
total energy consumed for heating greenhouses, solar energy as a proportion of total
energy consumed, and daily average outside ambient air temperature at night during
this experiment for the three greenhouses are given in Table (1). The energy provided
and consumed varied from one day to ancther and during each month due to the
variation in distribution of solar energy available, energy required by the crop, and
ambient air temperature outside the greenhouses. The main parameters which affect
the proportions of energy consumed in the form of electrical and solar energy were,
exterior ambient air temperature, amount of sclar energy stored, solar panel surface
area, and volume of water in the storage tank. The lowest amount of solar energy
pravided as a proportion of total energy consumed for greenhouses 1,2 and 3 was
67.09%, 67.61%, and 67.82%, respectively, in February. This proportion could be
increased if the mass flow rate of water passing through the solar panel was
increased, or the volume of water per unit area of greenhouse was increased. As the
ambient air temperature outside the greenhouses is reduced below the optimal
temperature (set point 18 °C) inside the greenhouse, more energy is consumed to
maintain that temperature. Therefore the greenhouses 1,2 and 3 consumed the
greatest amount of energy (453.340, 445.691, and 464.220 kWh) in March when the
ambient air temperature at night was on the average 11.3 °C. The lowest amount of
energy consumed for the three greenhouses was 181.232, 182.685, and 189.287
kWh, respectively, in May when the ambient air temperature was on the average 15.5
°C. Although the ambient air temperature in February was on the average lower than
that in April, the etectrical energy consumed in February was less than in April. This
can be attributed to the vent sides (cold air inlet) which affected the heat losses from
the greenhouses, when they left open at night in April and completely closed in
February. The relationships between exterior and interior ambient air temperatures,
and optimal ambient air temperature are shown in Fig.(4).

The effectiveness of heat distributing system was varied from time to time,
from day to another, and during the experiment according to the water temperature in
the storage tank of the solar panels and the temperature difference between the
interior and exterior ambient air of the greenhouses. The effectiveness of the parallel
system was 91,96%, 89.87%, 93.95%, and 97.01% for February, March, April, and
May, respectively. As the water temperature in the storage tank is increased over the
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optimal temperature inside the greenhouse, more energy is supplied to the
greenhouse making the system more efficient. As the temperature difference between
the inside and outside ambient air of the greenhouse is increased, the rate of heat
losses is increased and thus more energy is also supplied making the heat distributing
system more efficient. The effectiveness of heat distributing system was plotted
against heating time (from 20.0 to 7.0 hour) as shown in Fig. (5). Regression analysis
revealed a highly significant linear relationship (R = 0.974 , P < 0.001) between
these parameters. The regression equations for the best fit were:
Ex = 99.185 —1.4333 Hy
Table 1. Total and daily average solar energy stored, solar energy consumed, electrical
energy consumed by pumps and heaters, total electrical energy consumed,
total heat energy consumed for heating greenhouse, solar energy as a

proportion of total energy consumed, and daily average ambient air
temperature at night during this experiment for greenhouses 1, 2 and 3.

Energy Month :
KWwh Greenhouse | February March April May Total Average
(19 days) | (31 days) | {30 days) | {13days}
Solar
energy 184.927 334.668 350.401 152.991 1022.987 11.000
stored
Solar Gl 167.636 311.576 334.808 146.183 960.203 10.325
energy G2 165.434 308.568 331.129 147.636 952.767 10.245
consumed G3 176.873 320.745 353.257 154.238 | 1005.113 10.808
Electrical
energy 51.225 83.578 80.882 35.049 250.734 2.696
consumed
By pumps
E;C{:;;a' 61 31.008 | 58.186 | 28.290 _ 117484 | 1.469
consumed G2 28.033 53.545 27.202 _ 108.780 1.009
G3 32.716 59.897 30.797 _ 123.410 1.543
By heaters
Total
electrical G1 82.233 141.764 109.172 35.049 368.218 3.959
energy G2 79.258 137.123 108.084 35.049 359.514 3.866
consumead G3 83.941 143.475 111.679 35.049 374.144 4.023
Total
energy G1 249.869 453.340 443.980 181.232 | 1328.421 14.284
censumed G2 244.692 445.691 439.213 182.683 | 1321.281 14.111
by solar and G3 260.814 464.220 464.936 189.287 | 1379.257 14.831
electricity
Percentage Gl 67.09 68.73 75.41 80.66 - 72.97
of energy G2 67.61 69.23 75.39 80.81 _ 73.26
provided G3 67.82 69.09 75.98 §1.48 B 73.59
Daily
average
outside air 10.8 11.3 13.4 15.5 - 12.8
temperature
at night, °C ]
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Fig. 4. Relationships between outside ambient air temperature (T,,), inside ambient air
temperature (T,), set point for switching ON (T,,), set point for switching OFF
(Tem), and optimum ambient air temperature during daylight.

The hourly average total heat losses from the greenhouses (by convection,
radiation, and infiitration), heat energy gained from the concrete floor, heat energy
supplied from the heat distributing system, and total heat load required to provide the
optimal temperature for the three greenhouses during this experiment are given in
Table (2). It obviously reveals that, the total heat losses, heat energy supplied,
and total heat load increased gradually with heating time from 20.0 hour until they
reached maximum values at 6.0 am, because of the reduction in ambient air
temperature outside the greenhouses. The heat load requirements which almost
equivalent to the heat losses were varied from hour to hour according to the
temperature difference between the interior (set point) and exterior
(varied from time to time) ambient air of the greenhouses. The greatest values of heat
losses for greenhouses 1,2 and 3 (5.182, 5.026, and 5.641 kW, respectively) occurred
at 6.0 am when the hourly average ambient air temperature outside the greenhouse
was 10.9 °C.
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Fig. 5. Effectiveness of heat distributing system against heating time.

Table 2.

Hourly average total heat losses (Quss), heat energy gained (Qg.n), heat
energy supplied (Qsupp),” and total heat load (Que) for the three
greenhouses.
Qoss; KW Qgars, KW Quupp, kW Clgag, KW
Time Greenhouse Greenhguse Greenhguse Greenhouse
Gl G2 G3 Gl G2 G3 Gl G2 G3 G1 G2 | G3_|
20 3300 | 3147 | 3.562 | 1.847 | 1750 | 1.550 | 1.388 | 1.324 | 1.580 | 3.235 | 3.074 | 3.199
21 3.484 | 3322 | 3.756 | 1.706 | 1.618 | 1,942 | 1.708 | 1,653 | 1.984 | 3.414 | 3271 | 3426
2 3,672 | 3.519 | 3.965 | 1.539 | 1460 | 1.301 { 2.078 | 2.034 | 2441 | 3617 | 3.494 | 3742
23 3.835 | 3694 | 4145 | 1372 | 1300 | 1,159 | 2.425 | 2.389 | 2.867 | 3.797 | 3.690 | 4.026
0 3.947 | 3.804 ! 4270 | 1.247 | 1.183 | 1.054 | 2.658 | 2629 | 3.155 | 3.905 | 3.812 | 4.209
1 4.165 | 2021 | 4.512 | 1.089 | 1.033 | 0,920 i 3.027 | 3.024 | 3.629 | 4.116 | 4.057 | 4.549
2 4375 | 4228 | 4745 | 1.060 | 1.005 | 0.895 | 3.256 | 3.244 | 3.893 | 4316 | 4.249 | 4.788
3 4519 | 4371 | 4.905 | 1.001 | 0.950 | 0.846 | 3.406 | 3.399 | 4.079 | 4407 | 4.395 | 4.925
4 4529 | 4381 | 4.916 | 0.922 | 0.875 | 0.780 | 3.496 | 3491 | 4.189 | 4.518 | 4.366 | 4.969
5 4961 | 4.808 | 5.396 | 0.865 | 0.820 | 0.731 | 4.082 | 4.094 | 4.913 | 4547 | 4.914 | 5.644
6 5182 | 5027 | 5641 | 0.807 | 0.766 | 0.683 | 4.355 | 4.374 | 5.249 | 5.162 | 5.140 | 5.532
7 4475 | 4327 | 4774 | 0.714 | 0.678 | 0.604 | 3.624 | 3.622 | 4.346 | 4.338 | 4.300 | 4.95
Average | 4.204 | 4.054 | 4549 | 1.181 | 1.120 | 0,998 | 2.950 | 2940 | 3.528 | 4.148 | 4.060 | 4.526
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Consequently, the greatest amounts of heat energy supplied for the three
greenhouses (4.355, 4.374, and 5.249 kW, respectively} were added at the same
time. While, the lowest values of heat losses fromi the three greenhouses (3.309,
3.147, and 3.562 kW, respectively) occurred at 20.0 hour {at the beginning of heating
period) when the hourly average ambient air temperature outside the greenhouses
was on the average 16.1 °C. This table also shows that, the greatest values of heat
energy gained for the three greenhouses {1.847, 1.750, and 1.560 kW, respectively)
were achieved at the beginning of heating time (at 20.0 hour) when the concrete floor
surface temperature was 26.4 °C (due to solar energy absorbed during daylight). The
heat energy gained from the concrete floor was gradually decreased as the surface
temperature of the floor reduced. Therefore, the lowest heat energy gained from the
concrete floor for the three greenhouses (0.714, 0.678, and 0.604 kW, respectively)
occurred at the end of heating period (at 7.0 am). To assess and examine the best
model which can be employed to correlate heat supplied (Qqypp), heat energy gained
(Qgain) @nd total heat losses (Q. o), all the obtained data over eight successive nights
for greenhouse 1 (covered with flat fiberglass), greenhouse 2 (covered with
corrugated fiberglass) and greenhouse 3 (covered with polyethylene) were used in
regression analysis. Multiple regression analysis revealed a highly significant linear
relationship (P< 0.001) between these parameters for the three greenhouses,

respectively. The multiple regression equations for the best fit were:

Quupp (G1) = -1.0117 Qgyiy + 0.9880 Qs R = 0.9990
Qsupp (G2) = -1.0782 Qqain + 1.0232 Qs R=0.9991
Qsupp (G3) = -1.4957Qgain +1.1037 Quoss ‘R = 0.9994

The above equations evidently indicate that, the suggested and expected models
for predicting heat energy supplied to the greenhouses can be used with high
confidence. The total heat load which added to the inside greenhouses (Quo.q) was
plotted as a function of total heat losses (Fig. 6). Regression analysis revealed a highly
significant linear relationship (R® = 0.987 , P < 0.001) between these parameters
for the three greenhouses, respectively, The linear regression equations for the best fit
were:-

Qioad (G1) = 0.9870 Qposs R = 0.998
Qroad (G2) = 1.0027 Q46 R = 0.996
Quoad (G3) = 1.0003 Qs R = 0.966
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Fig. 6. Tatal heat energy load added to the greenhouse against total heat losses from
the greenhouse for the three greenhouses.

As revealed in Table (2) the differences between the total heat load added to the
greenhouses and the total heat losses for greenhouses 1, 2 and 3 were very small.
The ambient air temperature gradients that develop along the greenhouses depend on
many parameters. They depend upon the type of glazing materials and the mass flow

rates of hot water in the pipes. The high flow rate of hot water in the pipes has to be
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sufficient with parallel flow system to avoid too much cooling of the water and thus
to prevent undue variation of heat output along the pipes as compared with low
flow rate. The air temperature gradients varied slightly with time, from one heating
cycle to another. The variations with time, between any two successive points of
measurement along the greenhouse, were found to be uniformly distributed. The
radiation heat transfer between the heat distributing system and the crop ensured
that, with pipe heating, the leaves in the lower part of the crop (where the pipes were
installed), especially those facing the pipes, were generally warmer than the ambient
air, and those in the upper part colder than the ambient air. This is in agreement with
the data published by Teitel ef af (1999). The ambient air temperature at crop level
was uniform throughout the greenhouse. The temperature of the leaves during
heating period was higher than the dew point temperature which prevented
condensation and thus reduced the risk of fungal diseases. It is imperative to predict
the hourly average ambient air temperature inside the greenhouse at night according
to the ambient air temperature outside the greenhouse. Because of, the obtained
results show that, there was no significant difference between the three glazing
materials in interior ambient air temperatures, the hourly averages air temperature of
the three greenhouses were used in regression analysis (Fig.7). This analysis showed
a highly significant linear relationship (R® = 0.999, P £0.001) between these
parameters, The best fit equation relating the ambient air temperature inside the
greenhouse (under specific conditions) to  that outside was:-

T.i (G1) = 10.787 + 0.629 (T,,) R = 0.999
T.i(6G2) = 11.793 + 0.522 (T.0) R = 0.999
T (G3 ) = 9.792 + 0.652 (Ta0) R = 1.000

Vertical changes in air temperature, caused by the ON-OFF control, were
observed in the three greenhouses during this experiment. A temperature gradient
developed along the centerline of each greenhouse and value varied with time
during each heating cycle. With greenhouse using fiat fiberglass reinforced plastic
cover its value reached a maximum of about 1.5 to 2.2 °C over a vertical distance of
1.80 m at the peak of the heating cycle, while with greenhouses covered using
corrugated fiberglass reinforced plastic and double layer of polyethylene the
temperature gradients were 1.0 to 1.8 °C and 2 To 2.5 °C, respectively. At the end of
cooling-down period of each heating cycle, the temperature difference of ambient air
between the crop zone and the monitoring (over 1.8 m) decreased to about 0.8 °C,0.5
°C, and 1 °C in the three greenhouses, respectively. It occurred because the heat
distributing system in the three greenhouses were placed in the lower region (35 cm
over the floor surface). As the hot water stopped circulating, the temperatures in the
upper and the lower regions become approximately equal since, on the one hand, the
temperature of the pipes decreased and, on the other, warm air continued to rise,
owing to thermal buoyancy effects.
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Fig. 7. Interior ambient air temperature against exterior ambient air temperature
during the heating period, for three greenhouses.
For the duration of the experimental work, the weekly average leaves number of
hot pepper plants for the three greenhouses 1,2 and 3 were 5.20, 5.90, and 4.90
leaf/week, respectively. These numbers of leaves were varied from row to row, from
greenhouse to another, and during this experiment. The greatest number of leaves
was mainly obtained from the southern rows (Row No.5) in the three greenhouses

because they were more exposed to the solar radiation flux incident inside the
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greenhouse during daylight, and on the other hand, it faced the hot sky at night time.
The number of leaves inside the greenhouse 2 was on average 13.46% and 20.41%
more than that in greenhouse 1 and greenhouse 3, respectively, due to the effect of
glazing materials. The difference in stem length of hot pepper crop varied with
growing season from one row to another in each greenhouse according to the lecation
of each row inside the greenhouse. The weekly average stem length of hot pepper
crop for greenhouses 1, 2, and 3 was 2.93, 3.32, and 2.76 cm/week, respectively.
Consequently, greenhouse 2 increased the growth rate of crop on average by 13.3%
and 20.29%, as compared with greenhouses 1 and 3, respectively. Variations in stem
length were achieved, caused by the glazing materials, and the location of row inside
the greenhouse. The greatest stem length was achieved from the southern row in
the three greenhouses due to the same reasons discussed previously. This
achievement usually occurred throughout the experiment, because of the great
number of leaves {the leaf being the main source of energy for process of
photosynthesis and consequently the building up of carbohydrates). These differences
may be attributed to the reaction rates of various metabolic processes, absorption rate
of nutrient elements, and release of water by root system, which strongly affected by
the interior microclimate (Nelson, 1996). As the green area of leaves is increased (due
to increase the number of plant leaves), the biochemical processes are increased
making the process of photosynthesis more efficient. Maximum reactions of metabolic
process are mainly dependent upon the ambient air temperature surrounding the
crop, and air relative humidity. The rate of vegetative growth was high and maintained
the same throughout the growing season for the three greenhouses. Water vapour
basically moves from cne location to another because of vapour pressure difference,
so air relative humidity affects transpiration from plant leaves by influencing the
vapour pressure difference between the leaves and surrounding air.  Normal
vegetative growth of protected cropping is generally occurred at air relative humidity
between 25 — 55% (Nelson, 1996). The ambient air temperatures inside the three
adapted greenhouses were conseguently at and around the optimal night temperature
(16 °C < T, < 18 °C) particularly at the critical period (from 3 to 7 am) during winter
season. As the ambient air temperature surrounding the crop is reduced lower than 15
°C, the percentage of flowerage and vitality of insemination seeds are decreased
making the fruit set rate at minimum ievel, All biochemical reactions in all crops are
mainly controlled by enzymes that are heat sensitive, Numerous biochemical reactions
are involved in the processes of photosynthesis and respiration. These all have the net
effect of building carbohydrates and storing energy. Photosynthesis occurs during the
daylight hours because of its dependence on light. Another extensive set of
biochemical reactions is involved in the overall process of respiration. The net effect
here is a breakdown of carbchydrates and a release of energy. When photosynthesis

exceeds respiration, net vegetative growth occurs. When they egual each other, net
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vegetative growth stops, and if respiration exceeds photosynthesis, the crop declines
vigour and will eventually die. To insure that photosynthesis exceeds respiration, crops
are grown cool at night (at 16 - 18 °C) to keep the respiration rate down and warmer
by day to promote photosynthesis. (Nelson, 1996 and Teitel ef af, 1999). Due to the
previous reasons, the number of fruits be seated on the crop for the three
greenhouses on average were 35.68, 41.08, and 34.85 fruit/plant, respectively.
Consequently greenhouse 2 increased the rate of fruit set on average by 15.13% and
17.88% as compared with greenhouses 1 and 3, respectively. Owing to all the
previous reasons discussed above, the total fresh vyield of hot pepper crop for
greenhouses 1, 2, and 3 was 27.024, 32,193 and 26.501 kg, respectively.
Conseguently, greenhouse 2 was found to be on average 5.169 kg (15.13%) and
5.692 kg (21.15%) more productive than greenhouses 1 and 3, respectively . A
statistical analysis showed that there was a highly significant difference between the
greenhouses 1, 2, and 3 in the yield of hot pepper crop. Fig. (8) indicates the
variation of fresh vield from different glazing materials for the three greenhouses.
Ultimately, control and maintain the microclimate inside the greenhouse at desired
level particularly at night during cold winter season affecting the fresh yield of hot
pepper crop. These obtained data confirmed the finding by Yang et a/ (1995), when
they reported that, in all cases of heating greenhouses, more rapid growth and higher
final yield were achieved than crops grown without heating the ambient air.

35 ¢

G1

Fig. 8. Total fresh vield of hot pepper for the three greenhouses.
CONCLUSION

The specific conclusions of this experimental work can be summarized and listed as

follows: -

1) Solar energy system provided 72.28, 72.60, and 72.87% of the total energy

for greenhouse 1 {covered with flat fiberglass reinforced plastic), greenhouse
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4)

6)

7)

8)

9)
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2 (covered with corrugated fiberglass reinforced plastic), and greenhouse 3
(covered by double layer of polyethylene ), respectively.

The daily average effectiveness of the heat distributing system during the
heating season was 93.20%

The total heat losses, heat energy supplied, and total heat load increased
gradually with heating time from 20 hour until they reached maximum values
at 6 am, because of the reduction in outside ambient air temperature of the
greenhouses.

The greatest values of heat losses for the three greenhouses occurred at 6
am when the hourly average ambient air temperature outside the greenhouse
was 10.9 °C. Consequently, the greatest amounts of heat energy supplied for
the three greenhouses were added at the same time.

The lowest values of heat losses for the three greenhouses occurred at the
beginning of heating period (at 20 hour) when the hourly average ambient air
temperature outside the greenhouses was 16.1 °C.

The greatest values of heat energy gained for the three houses were
achieved at the beginning of heating time when the concrete floor surface
temperature on the average was 26.4 °C, due to solar energy absorbed
during daylight. Thus, the heat energy gained from the concrete floor was
gradually decreased as the surface temperature of the floor reduced.

The rate of vegetative growth was high and maintained the same throughout
the growing season for the three greenhouses.

The number of fruits be seated on the crop for the three greenhouses on the
average were 35.68, 41.08, and 34.85 fruit/plant, respectively.

The total fresh yield of hot pepper for greenhouses 1, 2, and 3 on the
average was 27.024, 32.193, and 26.501 kg, respectively, due to control and
maintain the microclimate inside the greenhouses at a desired level

particularly at night during cold winter season.

10} The best cover can be used for protected cropping is the corrugated

fiberglass reinforced plastic, due to its great thermal resistance.
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