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BIOMASS HEAT ENERGY USING TO ASSIST SOLAR ENERGY HEATING
SYSTEM FOR HEATING GREENHOUSE SWEET COLOURED PEPPER

Abstract

The main drawback of greenhouse heating systems based on solar energy is
the unavailability at nighttime and the variation of its value from hour to hour and
month to another during daylight-time. However, use the combination of two-source
of renewable energy (solar energy and biomass heat energy) successfully provides
appropriate amount of heat energy for heating greenhouse at nighttime. The
commercial greenhouses have the highest demand of heat energy for heating the
indoor air as compared with other agricultural industry sectors. The investigation
presented in this article is aimed at evaluating the technical and design feasibility of
using biomass heat energy to assist the solar energy heating system at the eastern
area of coastal delta, Egypt (Latitude and longitude are 31.045 °N and 31.37 °E,
respectively, and altitude 6.0 m above the sea level). The hybrid heating system
(solar and biomass heating systems) is mainly consists of two different heating
systems, a complete solar heating system (6 collectors, storage tank and heat
exchanger) and biomass burner (water and air coils, and air heat exchanger). The
obtained results reveal that, over 180 days heating season (from November 2015 to
March 2016) the solar heating system collected 12712 kWh (45.763 GJ) of which
12316 kWh (44.338 GJ) of solar heat energy was stored in the storage tank. It
provided 30.32% of the total heat energy required for heating the greenhouse. The
biomass heating system provided 19795 kWh (71.262 GJ) of heat energy which
provided 58.55% of the total heat energy required for heating the greenhouse
(225.389 kWh). Ultimately, the heat energy provided by the hybrid heating system
(88.87%) has been used successfully to heat up the indoor air of the commercial
greenhouse sweet coloured pepper.

Keywords: Biomass Heat Energy, Solar Energy, Hybrid Heating System, Burden of
Heating, Thermal Performance.

1. Introduction

Vegetable crop production using greenhouses has rapidly increased in Egypt
over the last two decades. Protected cropping provides an excellent opportunity to
produce high quality fresh yield and assured regular supply in huge quantity.
Protected cropping using commercial greenhouse has the highest demand for heat
energy to provide optimal indoor environmental conditions. In cold winters, the indoor
air temperature of a greenhouse without a heating system can fall below the optimal
level for different crops especially at nighttimes. Therefore, an appropriate heating
system is required to provide and maintain the indoor air temperature at desired level
(Benli, 2013). Many greenhouse operations using natural gas as their primary
source of heating fuel have used light oil as a secondary source of fuel to provide a
backup in case of natural gas supply interruption. In some situations, a gas supply
company may request a greenhouse operator switched to an alternate fuel source to
increase the availability of natural gas to a residential user during exceptionally cold
periods in the winter (Khosla and Spieser, 2008).



Nowadays, the impact of fuel price crisis coupled with the awareness of global
heating problem has brought about changes in the structure of energy usage all over
the world. Higher importance is now given to research, development, and promotion
of renewable energy sources (solar energy, biomass energy, biogas energy, wind
energy, and biochemical fuels). These resources have massive energy potential,
however, they are generally diffused and not fully accessible, most of them are
intermittent, and have distinct regional variabilities. These characteristics give rise to
difficult, but solvable, technical and economical challenges (Vadiee and Martin,
2012).

Thermal solar energy collectors are special kind of heat exchangers that
transform solar radiation energy into internal energy of the transport medium. The
major component of any solar system is the solar collector which absorbs the
incoming solar radiation energy, converts it into thermal energy, and transfers this
thermal energy to a fluid (usually water, air, or oil) passes through the collector. The
thermal solar energy thus collected is carried from the circulating fluid either directly
to the hot water or space conditioning equipment or to a thermal energy storage tank
from which can be drawn for use at nighttimes or cloudy days. The solar collectors
are basically distinguished by their motion, i.e. stationary non-tracking, single axis
tracking and two axes tracking, and the operating temperature (Sayigh, 2001;
Kalogirous, 2003; ASHRAE, 2011). The solar collectors should be orientated
directly towards the equator, facing south in the northern hemisphere and north in
the southern. The optimum tilt angle of the solar collector is almost equal to the
latitude angle of the location with angle variations of 10—152 more or less depending
on the application (Kalogirous, 2003, Foster et al., 2010). The solar collector plate
absorbs as much of the irradiation as possible through the glazing, while losing as
little heat as possible upward to the atmosphere and downward through the back of
the casing. The solar collector plates transfer the retained heat into the transport
fluid. The effective absorptance of the absorber plate surface for shortwave solar
radiation depends strongly upon the nature and the colour of the coating and on the
solar incident angle. Usually black colour of the coating is used, however, various
colour coatings have been proposed by several researchers mainly for aesthetic
reason (Tripanagnostopoulos et al., 2000; Wazwa et al., 2002; Orel et al., 2002;
Duffie and Beckman, 2013).

The biomass exploitation takes advantage of the field and livestock residues
which under controlled burning conditions, can generate heat energy and electrical
power, with limited environmental impacts (Sipila et al., 2008). The thermal energy
applications in space heating and hot water utilities of the modern biomass
combustion systems could meet the contemporary energy requirements with the
least possible environmental impacts. The controlled combustion technology has
been successfully applied in some European areas, by heating entire city clusters
through district heating networks. Moreover, the favourable funding of energy
investments in this particular technology makes its implementation attractive
(Vamvuka and Tsoutsos, 2002). Design of biomass district heating systems,
thermal performance, and applications in agricultural sector have been studied and
examined by several researchers (Vallios et al., 2009; Vadiee and Martin, 2012;
Paengjuntuek and Mungkalasiri, 2013; Peterseim et al., 2014). However, there is
no readily available information about the combination of biomass heat energy and
solar energy for providing burden of heating for commercial greenhouses. To insure
optimum fruit yields of greenhouse sweet coloured pepper in the eastern area of
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coastal delta, Egypt, during winter growing season when greenhouse night
temperatures can be in lower of 10°C, burden of heating should be added to the
greenhouse. Therefore, the aim of the present study was to evaluate the thermal
performance of hybrid heating system includes combination of biomass and solar
heating systems for heating commercial greenhouse sweet pepper during winter
season.

2. Material and methods
2.1. Greenhouse position and equipment

The experimental work was carried out during winter season of 2015/2016
(from November 2015 to March 2016) in a commercial controlled gable-even-span
greenhouse, east-west orientated in a site free from shading by surrounding
buildings and trees, at the Agricultural Research Centre of Mansoura University. The
greenhouse has a geometrical characteristics of; total length 30.8 m, total width 9.0
m, vertical wall height 2.30 m, curtain wall height 0.20 m, gable height 2.29 m, rafter
length 5.05 m, eaves height 4.59 m, floor surface area 277.2 m?, and volume 1010.4
m®. The rafters were tilted at 27° from the horizontal plane to minimize the side
effects of wind load that may blow over the roof of the greenhouse during winter
months. At the same time it may be maximize the solar radiation flux incident on the
roof of the greenhouse during that period due to decrease the solar incident angle.
Moreover, with this inclined angle condensation will run down the underside rather
than dropping from the cover, thus damaging crops and encouraging diseases will
be minimized.

The greenhouse structural frame is formed of 38.1 mm hot dipped galvanized
pipes (1.5-inch) with excellent anti-corrosion. The structural frame consisted of many
parts (posts, beams, rafters, trusses) which easily assembled on the spot with joining
parts and bolts and nuts, without any welding points to prevent damage the zinc
coating on the material, which guarantee the optimal performance of anti-corrosion.
It was covered with a single layer of fibreglass reinforced plastic (FRP) 1000 um
thick. The greenhouse was equipped with both forced water heating system supplied
by 1500 litres hot water (heated by solar energy during daylight and biomass heating
system just prior to sunset) and a complete evaporative cooling system (based on
fan and pad system). It was also equipped with an environmental control board. The
indoor air temperature during daylight-times was monitored using an ON-OFF
controller to expel excessive heat at 26°C and interrupt it at 25°C. Thus, the fresh
and cold air came from the evaporative cooling system was automatically drew by
two extracting fans to pass through the longitudinal direction of the greenhouse when
the indoor air temperature increased to 26°C and the fans stopped when the air
temperature reached to 25°C.

2.2. Hybrid heating system
2.1.1. Solar heating system

A solar water heater consists of six individual solar collector panels, each
having a gross dimensions of 200 cm long, 100 cm wide, and 10 cm thick with net
surface area of 2.0 m? and constructed from copper with a selectively absorbing
surface coating as revealed in Fig (1). The operating fluid (mix of water and
antifreeze) was continuously passed through parallel waterways built into each
panel. These 6 solar panels are arranged in two banks (upper and lower banks) with
three panels in series in each bank. The upper and lower banks are in parallel array.



The solar heating system is mounted on a movable frame outside the greenhouse so
that to track the sun's rays from sunrise to sunset. It used a quadrant and clamp as a
tilt angle controller. The movable frame is carried on an axial steel rod 127 mm
diameter (5-inch) which connected to a large square reinforced concrete footing (3 m
x 3 m x 0.30 m) for orientation of solar panels, where the movable frame is moved
around the axial rod. Mains operating fluid entered the solar panels through a
pressure reducing valve, a filter, and metering valve. A vent pipe was positioned at
the outlet from the panels to prevent damage in the event of boiling. The operating
fluid was pumped to pass through the solar collector panels during daylight-times.
After passing through the solar collector panels it was stored in a 1500 litres
insulated storage tank situated inside the greenhouse in order to reduce the heat
energy loss. The storage tank connected to the solar heating system by two
junctions of insulated hot galvanized pipes 25.4 mm (1.0 inch) diameter. One
junction is between the bottom of the storage tank and the bottom of the first solar
panel in the lower bank (water inlet). The other junction is between the top of the
storage tank and the last panel in the upper bank (water outlet). The flow rate of
operating fluid through the solar collector panels (24 litres/min) was tested and
adjusted each week using the control valve and a measuring cylinder with a
stopwatch. The storage tank is connected to the biomass heat energy unit using
solid fuel (wood of trees) to utilize the net heating value of wood for heating the
operating fluid when the solar radiation was insufficient to raise the temperature into
95°C.

Fig. (1): Solar collectors array, with a total surface area of 12.0 m? and mounted on a
movable frame.

2.2.2. Biomass heating system

The biomass burner was designed and constructed beside the greenhouse.
Vertical biomass combustion equipment was used at which the biomass solid fuel
(wood of tress) took place on horizontal stationary steel gate. The furnace design
has been used as a stationary burning system with front-solid fuel burner. It was
constructed in the form of modified Quonset shape (vertical walls with curved roof
surface), and made of two layers of bricks, the inner is built of thermal red bricks (20
x 12 x 6 cm each) with gross dimensions of 2.0 m long, 2.0 m wide, and 2.5 m high.
While, the outer layer is built of concrete blocks (40 x 20 x 20 cm) with gross
dimensions of 2.10 m long, 2.10 m wide, and 2.65 m high, with 5 cm between the
two layers. The gape between the two layers was fulfilled by loosely packed rock-
wool insulation (k = 0.065 W/m °C) in order to minimize the heat energy loss from the



walls of biomass burner. In this way, the insulating performance and the thermal
resistance may be enhanced.

A stainless steel coil (25.4 mm diameter and 36.0 m long) was used as a
solution heat exchanger which horizontally located in central line of the biomass
burner top section. The heat exchanger was connected to the storage tank located
inside the greenhouse. One functional part of the heat energy generated from the
combustion of the solid fuel was absorbed by the heat exchanger coil inside the
biomass unit and transfers into the water passes through the coil. Another hot
galvanized coil (50.8 mm diameter and 6.0 m long) was situated inside the biomass
burner and functioned for heating outdoor air. The hot air was expelled into a
perforated hot galvanized pipe (30.0 m long) located inside the greenhouse at a
height of 2.35 m. Thus, the second functional part of the heat energy generated from
the combustion of solid fuel was absorbed by the air passing through the hot
galvanized coil. To provide and maintain an adequate amount of oxygen for igniting
the solid fuel, the bottom section was connected to an air blower (2 hp) has two
branches. One branch is functioned to provide the oxygen for igniting the solid fuel,
and the other is used to pass the outdoor air into the hot galvanized coil located
inside the biomass burner. The auxiliary heater (biomass burning system) switched
ON just after the outlet water temperature of the solar heating system is equal to the
water temperature of the storage tanks; also they switched ON when the water
temperature in the storage tank was less than 95°C. A schematic diagram and
experimental set-up of the constructed hybrid experimental system is shown in Fig.

(2).

Sample of wood of trees was chemically analysed in the Chemical
Department, Faculty of science, Cairo University. The chemical analysis is executed
to determine the percentage of different elements contains in the wood of trees such
as; Hydrogen (H), Organic carbon (C), Sulfur (S), Nitrogen (N), Oxygen (O), and
Moisture content (MC). The chemical analysis of the sample is summarised and
listed in Table (1). These percentages of different elements contain in the wood was
used to determine the gross heating value (higher heating value, HHV) and the net
heating value (lower heating value, LHV).

Table (1): Chemical analysis of wood uses as a source of renewable energy

Solid fuel H % C% S % N % 0O % MC %
Wood of trees 5.68 52.10 0.01 0.25 42.64 12.65

2.3. Heat energy distributing system

To provide and maintain a given indoor air temperature regime on a particular
site, heat energy consumption will vary with outdoor weather conditions, latitude, and
proximity to the coast, elevation and exposure. Heat energy loss from the
greenhouse is much higher than from modern conventional housing. This is due to
the high rate of heat transfer through the light-transmitting cover, usually plastic or
fiberglass. An overall heat transfer coefficient of 7.95 W/m? °C is used for design
calculations, and this is ten times greater than that for many modern housing
(ASHRAE, 2011). Many factors contribute to heat energy loss (structure frame,
covering materials, orientation, and heating systems) and it is essential that every
possible method for reducing this loss be examined and where possible exploited.
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Fig. (2): schematic diagram of the hybrid heat energy system using biomass heat
energy system to assist solar heating system.

To provide and maintain positively an indoor air temperature ranges from18-
19°C at nighttime during winter months, such as is required for sweet coloured
pepper crop production and many other crops, the greenhouse was equipped with a
complete solar heating system (six solar water heaters, storage tank, heat
distributing system, and control board). To utilize the stored heat energy in the
storage tank for heating indoor air inside the greenhouse, a heat exchanger with
parallel flow system is constructed and installed inside the greenhouse. The system
is mainly consisted of seven parallel rows of hot dipped galvanized pipes 38.1 mm
diameter (1.5-inch) at an equidistance of 140 cm between two successive pipes, in
order to provide adequate surface area of heat transfer. The total length of hot
galvanized pipes inside the greenhouse is 230 m with total water volume of 262.2
litres. The heat exchanger (heat distributing system) is installed on the end of gable
roof to be above the floor surface by 2.30 m. The hot operating fluid (heated by solar
energy and biomass heat energy) from the insulated storage tank was pumped using
thermal water pump (1.5 hp) to circulate through the heat exchanger when the indoor
air temperature of the greenhouse is lowered to 18°C. The indoor air temperature of
the greenhouse at a height of 2.25 m above the floor level at nighttimes was also
monitored using an ON-OFF controller (differential thermostat) to initiate heating at
18°C and interrupt it at 19°C. Therefore, the heated water from the insulated water
storage tank was automatically pumped through an environmental control board to
allow hot water circulates through the heat exchanger when the indoor air
temperature of the greenhouse was lowered to 18°C and stopped when the air
temperature reached to 19°C. More heat energy was continuously gained from the
heat exchanger pipes during the heating cycle and cooling down stages.

2.4. Plant cultivars
2.4.1. Germination of sweet coloured pepper seeds

A nursery of 8.0 m long, 4.0 m wide, and 3.0 m high was disinfected on 15™ of
July 2015. Soil mix-media for germinating sweet colours pepper (red and yellow
colours) consisted of one bag of peat-moss and five bags of vermiculite was used.
The peat-moss bag (volume of 0.3 m® and 60 kg weigh) was manipulated and
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enriched by adding little amount of chemical fertilisers (75 g of Rizolex-T 50% as a
disinfectant substance, 500 g NPK fertiliser 19-19-19, 150 g of super phosphate,
100 g of potassium sulphate, and 75 g of iron as an enriched materials). Forty eight
vegetative trays (84 growth blocks) were used to germinate the seeds of sweet
coloured pepper. The tray blocks were full by soil mix-media and 1000 seeds
(Marqueza, cv. And Tirza, cv., Enza Zaden, Netherlands) were directly planted on
18" of July 2015 (the appropriate time for planting seeds during July, according to
the Biodynamic Calendar). After one ten days the sweet pepper seedlings were
raised in the vegetative trays with 96.5% germination ratio.

2.4.2. Transplanting of sweet coloured pepper seedlings

The floor surface area inside the greenhouse was divided into 6 wide piles (90
cm wide, 20 cm high, and 50 cm wide space between two successive piles). Two
rows per pile were planted at plant length on an average of 8 cm and 4 true leaves
number. Rows are 70 cm apart, with 50 cm between plants within row. Seven
hundreds and twenty selected seedlings (780 seedlings) of sweet coloured pepper
seedlings were manually transplanted inside the greenhouse on 3™ of September
2015 (the appropriate time for transplanting during September, according to the
Biodynamic Calendar) for a plant population density of 2.814 plant m ~ 2. The
transplanting operation was executed in the late afternoon to minimize transplant
shock. Humic acid (Granules) by the rate of 0.25 gram/liter was placed in each hole
just prior to transplanting to provide and enhance the growth of root system and to
guard against insect attack. Measurements on the plants were taken throughout the
growth period (growth rate, flowering rate, fruit set rate, production rate).

2.5. Measurements and Data Acquisition Unit

Meteorological station (Vantage Pro 2, Davis, USA) located beside the
greenhouse on a height of 5 m from the ground level is used to measure different
macroclimate variables such as, the solar radiation flux incident on a horizontal
surface (pyranometer), dry-bulb, wet-bulb, and dew-point air temperatures
(ventilated thermistor), wind speed and its direction (cup anemometer and wind
vane), air relative humidity (hygrometer) and rainfall amounts (rain collector). The
amount of heat energy added to the water in the storage tank which situated inside
the greenhouse from the solar heating system (during daylight) and the biomass
burning system (prior to sunset), a 12 channel data-logger (Digi-sense scanning
thermometer type), was also used for taking and storing reading from different
sensors (thermocouple type K) mounted at twelve different locations. A solarimeter
integrated to a computer based data-logger, mounted on a surface parallel to the
plane of the solar collectors was functioned to measure the global solar radiation flux
incident on the tilted surface of solar collectors. The following data were regularly
measured and recorded during the experimental work with a time interval of 5 min;
(a)  water-antifreeze solution temperatures entering and leaving the solar heating
system (flat plate solar collectors) by thermocouples mounted on the water-
antifreeze  solution inlet and outlet lines, (b) water-antifreeze solution
temperatures entering and leaving the biomass burner heat exchanger by
thermocouples mounted on the water-antifreeze solution inlet and outlet lines, (c) air
temperature entering and leaving the air heat exchanger coil mounted on the top
section of biomass burner by thermocouples mounted on the inlet and outlet lines,
(d) flue gas at the beginning and end of the thin-walled tube and peripheral
temperature of tube located inside the greenhouse by thermocouples mounted on



the inlet and outlet lines, (e) water-antifreeze solution in the storage tank by
thermocouple mounted on the centre point of tank, and (f) solar radiation flux
incident on the tilted surface of solar heating system using solarimeter device.

2.5.1. Burden of heating

The indoor air temperature of 18°C generally meets the needs of most
protected cropping. The outdoor temperature follows the Delta zone (Egypt) 30%
winter design dry bulb temperature (4°C) which means 70% of the time, the outdoor
temperature in Delta area for the rest of time is higher than 4°C (ASHRAE, 2011).
Heating process of the greenhouse accounts for 30-35% of the total cost of
production of most greenhouse crops, and any increase in the price of fuel has a
large proportionate effect on costs (Chau, et al., 2009). The requirements for heating
a greenhouse reside in the task of adding heat at the rate at which it is lost (Nelson,
2006). Heat energy loss from the greenhouse is much higher than from modern
conventional housing. This is due to the high rate of heat transfer through the light-
transmitting cover, usually plastic or fiberglass. An overall heat transfer coefficient of
7.95 W/m? °C is used for design calculations, and this is ten times greater than that
for many modern housing (ASHRAE, 2011). Many factors contribute to heat energy
loss (structure frame, covering materials, orientation, and heating systems) and it is
essential that every possible method for reducing this loss be examined and where
possible exploited. The total heat losses from indoor to outdoor of the greenhouse
can be computed from the following equation (ASHRAE, 2011; Esen and Yuksel,
2013):

QHeat = QLoss, Watt (1)
Quoss = QcL + Qins , Watt (2)

Where, QcL, is the combination heat losses by conduction, convection, and radiation
through the concrete blocks and the glazing materials of the greenhouse. It can be
estimated by the following equation:

Qe = > Uo Ac (Tai - Tao)s Watt (3)

Where, U,, is the overall heat transfer coefficient in W m ~2°C ~ ', A, is the total
surface area of covering material m? and, T, and Ta, respectively, are the indoor
and outdoor air temperatures in °C.The heat loss due to cold air infiltration through
the structure (Qiy) of outdoor cold air can be divided into sensible and latent heat.
The heat energy quantity associated with having to raise the temperature of outdoor
infiltration cold air up to indoor air temperature is the sensible heat component (qs).
The heat energy quantity associated with net loss of moisture from the space is
classified as the latent heat component (q.). The heat energy required to warm
outdoor air entering into the greenhouse by infiltration to the indoor air temperature is
given by (ASHRAE, 2011) as follows:

Qint = Qgs + qu, Watt (4)
ds = My Cpa (Tai - Tao), Watt (5)
Where, m,, is the mass flow rate of cold airinkg s ™' (ma = M Ng/3600), M, is the

greenhouse volume (m®) x density of air (kg. m ~2), N, is the air infiltration rate for
fiberglass cover is 1.25 h~" and, C,., is the specific heat of airin J. kg™' °C~". When
addition of moisture to the indoor air is required to maintain winter comfort
conditions, it is necessary to determine the energy needed to evaporate an amount



of water equivalent to what is lost by infiltration (latent heat component of infiltration
heat loss). This heat energy may be calculated by

qu = My hyg (Wi-W,), Watt (6)

Where, hg, is the latent heat of vaporization of water in J kg™ (2454 x 10° J kg ™),
Wi, is the humidity ratio of the greenhouse indoor air in kg / kggair, Wo, is the humidity
ratio of the greenhouse outdoor air, kg/ KQgair-

2.5.2. Useful solar energy

The instantaneous useful heat energy gained by solar heating system (Qu) is
computed by the following equation (Duffie and Beckman, 2013):

Qu =FrAc[R(t®) - Uc(Ti - Ta)]l = mCp(Tio - Tp), Watt (7)
Where, Fg, is the heat removal factor, Ac, is the solar collectors surface area in m?,
R, is the solar radiation flux incident on the tilted surface of collectors in W m ~2, ta,
is the optical efficiency, U, is the overall heat transfer coefficient in W m ~2¢C, Ty,
inlet temperature of the operating fluid in °C, Ty, is the outdoor air temperature in °C,
m, is the mass flow rate of operating fluid in kg s ', Cp, is the specific heat of
operating fluid in J kg~ '°C ™', and, Ty, is the outlet temperature of the operating fluid
in °C.

The instantaneous overall thermal efficiency of the solar heating system is
calculated as follows (Duffie and Beckman, 2013):

mCp (Tyo — Tg)
RAc

x 100, % (8)

No =

2.5.3. Biomass heat energy system

The percentages of different elements contain in the wood which listed in Table
(1) were used to determine the gross heating value (higher heating value, HHV) and
the net heating value (lower heating value, LHV) using the following equations (Khor
et al., 2007; Chau et al., 2009; Musil-Schlaeffer et al., 2011):

HHV  =123.89 (H) + 34.16 (C) + 19.07 (S) + 6.28 (N) — 9.85 (O),
MJ/kg of wood (9)

LHV = HHV- 2453 (9H+ MC), MJ/kg of wood (10)
The gross and net heating values of wood of trees which computed using the above
two equations, respectively, were 20.652 and 19.088 MJ/kg.

A mathematical model describes the system of a biomass burner unit is set up
with an active condensation unit located inside the greenhouse. Furthermore,
formula for the energy balance on the biomass burner unit are presented and
discussed as follows:

NHV = Qu + Qa + Qioss, kWh (11)

Where, NHV, is the net heating value in kWh, Qy, is the heat energy absorbed by the
operating fluid passes through the heat exchanger located inside the burner in kWh,
Q,, is the heat energy absorbed by the air passes through the coil situated inside the
burner in kWh, and, Hss, is the sum of heat energy loss from flue gas and outer
surface of the biomass burner unit in kWh.



The heat energy absorbed by the operating fluid passes through the heat
exchanger coil inside the burner (Qy) can be computed in terms of the mass flow
rate of operating fluid (my,) in kg s~ ", specific heat of fluid (Cp) in kd kg™'eC™,
and temperature difference between outlet (Two) and inlet (Tyi) of operating fluid in °C
as follows:

Qw = myw Cp (Two - Twi), kKWh (12)

The heat energy absorbed by the cold air passes through the heat exchanger coil
which situated inside the biomass burner (Q,) can be estimated using the
following formula:

Q. = M Cpa (Tha - Tca), KWh (13)

Where, m,, is the mass flow rate of airinkg s ™', Cpa, is the specific heat of air in kd
kg~ 'eC ™", Tha, is the outlet temperature of hot air in °C and, Tea, is the inlet
temperature of cold air in °C. The heat energy losses from the biomass burner (Qjoss)
are the sum of heat energy loss from the unit due to radiation and convection loss
which dependent upon the actual output and the air cooled wall factor (DOE, 2004;
Falconett and Nagasaka 2009) and the heat energy loss during the quench of flue
gas in the treatment unit. Heat losses could also be due incomplete combustion, high
moisture content in the solid fuel (biomass), ash content in the wood, and the
inefficient burner design. Therefore, the heat losses from the biomass burner can be
computed using the following equation:

Quoss = Uob Ab (Thai- Tao) + M¢g cpfg ngoa kWh (15)

Where, Uqp, is the overall heat transfer coefficient in W m=22C ™", A, is the surface
area of biomass burner in m?, Tha, is the air temperature inside the biomass burner
in °C and, Ty, is the temperature of outlet flue gas in °C.

2.5.4. Thermal efficiency of biomass burner

The biomass burner thermal efficiency was computed as the ratio of heat
energy output (heat energy absorbed by the operating fluid and air, and heat energy
gained by thin-walled tube from the flue gas) to the heat energy input (net heating
value of biomass). There are two methods to determine the burner efficiency
(Barroso, et al., 2003 ; Covarrubias and Romero, 2007):
Input-output method
Heat energy gained (outlet)

Burner efficiency , ,
Net heating value of biomass

x 100, % (16)

Heat loss method

B Heat energy losses
Net heating value of biomass

Burner efficiency

x100, % (17)

The heat loss method is commonly used as one can identify the heat losses
and increase the efficiency by improving the burner's characteristics. For example,
the radiation and convection heat loss for a burner is dependent upon the actual
output heat energy and the air cooled wall factor. Therefore, the burner efficiency
could be optimised by balancing the cooled wall structure and thereby the actual
heat energy output. Heat energy loss could also be due to incomplete combustion,
high moisture content in field residues, high ash content in solid fuel materials,
inefficient burner design. For instance, combustion high moisture biomass materials
require heat energy to evaporate water in the field residues. The radiation and
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convection heat losses from the biomass burner are dependent on the actual output
energy and the air cooled wall factor. The mass (weight) of dry air required to supply
a given quantity of oxygen is 4.32 times the mass (weight) of the oxygen (ASHRAE,
2011). Oxygen contained in the solid fuel, except that in ash, should be deducted
from the amount of oxygen required, since this oxygen is already combined with fuel
components. Also, water vapour is always present in atmospheric air, and when the
mass (weight) of air to be supplied for combustion is calculated, allowance should be
made for it. Theoretical combustion air, unit mass (weight) of dry air/unit mass
(weight) of fuel can be computed as follows (ASHRAE, 2011):

Massofair = 0.0144(8C+24H+3S-30) (18)

Where, C, H, S, and O, respectively, are the mass (weight) percentages of carbon,
hydrogen, sulfur, and oxygen in the solid fuel. The actual mass of air supplied into
the burner per unit time (second) can be estimated as follows:

Mass ofair = Ap,vp, kg/s (19)

Where, A,, is the cross-section area of the pipe to be supplied air in m?, v, is the air
speed just leaving the pipe, m s ™', p, is the density of air, kg m ~ 2. The biomass
burner unit not used during April month due to the solar energy stored was sufficient
to provide heat energy required for heating the indoor air and maintaining the indoor
air temperature at the desired level.

2.6. Vapour Pressure Deficit (VPD)

Vapour pressure deficit (VPD) is a good indicator of plant heat stress during
daylight-time plant injury by fungal pathogens at nighttime. The Vapour pressure
deficit is the difference (deficit) between the amount of moisture in the air and how
much moisture the air can hold when it is saturated. Therefore, vapour pressure
deficit is a valuable way to measure the greenhouse climatic conditions. VPD can be
used to evaluate the disease threat, condensation potential, and irrigation needs of a
greenhouse crop. An important step toward disease management is to prevent
conditions that promote disease. Condensation prevention is important, since
greenhouse pathogens often require a water film on the plant to develop and infect.
The air is saturated when it reaches maximum water holding capacity at a given
temperature (also called the dew-point). Adding moisture to air beyond its holding
capacity leads to deposition of liquid water somewhere in the system.

More water vapour in the air means greater water vapour pressure. When the
air reaches maximum water vapour content, the vapour pressure is called the
saturation vapour pressure (VPsa), which is directly related to air temperature. Thus,
the differences between the saturation vapour pressure and the actual air vapour
pressure is the mathematical definition of vapour pressure deficit (VPD). Higher
vapour pressure deficit (VPD = 2.0 kPa) means that the air has a higher capacity of
hold water stimulating water vapour transfer (transpiration) into the air in this low
humidity condition and plant heat stress and water stress can be occurred. Lower
vapour pressure deficit  VPD < 0.43 kPa), on the other hand, means the air is at or
near saturation, so the air can not accept moisture from a leaf in this high humidity
conditions which provides a good medium for fungal growth and diseases (Pringer
and Ling, 2004). To express the synergistic effects of the dry-bulb temperature (Tqp)
and relative humidity of the indoor air temperature during daylight-time and at
nighttime, the vapour pressure deficit (VPD) of the indoor air is used and calculated
according to the following equation (ASHRAE, 2011):
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2.6.1. Saturation vapours pressure of the indoor air (VPsat)

VPs: = exp (Z)/1000, kPa  (20)
Z = (CJT) +C2+C3T+CsT2+CsT3+CsInT(21)
Where:
Ci = -5.8002206E +03 : C. = 1.3914993E +00
Cs = -48640239E-02 Cs = 41764768 E -05
Cs = -14452093E-08 Cé = 6.5459673E +00
T = dry-bulb temperature of the indoor air in Kelvin.

2.6.2. Vapour pressure deficit of the indoor air (VPD;)

The vapour pressure deficit at the actual indoor air relative humidity (RH) in
decimal can be computed from the following formula:

VPDsr = VPeu (1-RH), kPa (22)

The previous equations are functioned to compute the vapour pressure deficit
using computer Excel-sheet software.

2.7. Watering operation

Protected cropping requires an adequate supply of moisture for optimum
growth and maximum productivity. By supplying an adequate but regulated amount
of moisture, it is possible to control the growth and flowering of plants. Therefore,
after cultivating operation, the plants of sweet coloured pepper inside the
greenhouse were irrigated by one cubic meter of water during each watering
operation through the dripping irrigation system to establish good root-to-soil contact.
Two cubic meters of water were continuously supplied to the greenhouse per week.
Irrigation performance indicators which include; Water Use Efficiency (WUE), and
Annual Water Productivity (AWP) were computed throughout the growth and
production periods of different crops as follows (Lorite et al., 2004):

WUE = Total value of crop productivity (kg) , kg/m® (23)
Total water consumption (m3)

AWP = Total value of marketing price (L.E.) LE/m® (47)

total water consumption (m3)

Data are statistically analysed using Excel program. Linear regression analysis
is used to examine the relationship between several dependent and independent
variables. Significance level of 0.05 is conventionally taken as the minimum level of
significant. Though where higher levels of significance found these values are
included in the text (0.01 and 0.001).

3. Results and discussion

The macroclimatic conditions of the region are the prime parameter that affects
growth rate and productivity of protected cropping and economics of the greenhouse
productivity. A large burden of heating is essential requirement for greenhouse
heating and relatively high prices of fossil fuels and their environmental impact,
alternative heat energy sources for greenhouse heating has been gained utmost
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interest. The alternative sources of heat energy are the solar thermal energy storage
systems (STES), and the thermal energy applications in space heating and hot water
utilities of the modern biomass combustion system (BCS) could meet the
contemporary heat energy requirements with the least possible environmental
impacts.

3.1 Thermal performance of solar heating system

The obtained results from the experimental work over the heating period from
3" of November 2015 to 30™ of April 2016 were evaluated to determine the thermal
performance characteristics of the hybrid system. The solar heating system (six solar
collectors, storage tank, heat distributing system, and control board) have been
operating satisfactorily for almost six months without malfunction. Operating fluid
temperatures have been monitored for six months from the beginning of November
2015. The monthly average solar energy contribution is plotted in Fig. (3). During the
heating period, there were 1310 hours of bright sunshine of which 1109 hours
(84.66%) were recorded and used in the thermal performance analysis and
applications, slightly lower than average due to clouds. Although on day to day
figures the correlation between sunshine hours and solar energy collected was
lower, nevertheless the agreement was good on a monthly average basis (Fig. 3).
The discrepancies between months arise due to number of bright sunshine hours,
solar altitude angles, operating fluid temperature in the storage tank at the beginning
of each day, and number of operating hours. The actual solar radiation recorded on
the tilted surface of solar collectors was always higher than that on the horizontal
surface. For the duration of November, December, January, February, March, and
April, the daily averages solar radiation flux incident from sunrise to sunset on the
horizontal surface, respectively, were 3.924, 3.429, 3.844, 4.462, 5.270, and 5.725
kWh/m? day. Whilst, the actual solar radiation measured on the tilted surface of solar
collectors at that period were 6.675, 6.227, 6.739, 7.117, 7.790, and 7.997 kWh/m?
day, respectively, consequently, the solar collector orientated and tilted from the
horizontal plan increased the actual received solar radiation during that period by
1.701, 1.816 1.753, 1.595, 1.478, and 1.397, respectively.

|- - - - - Bright sunshin houre —>¢— Heat Energy Gained |
12 85

Daily Average Bright Sunshin
Houre, hr

Daily Average Heat Energy
Gained, kWh

T
[+2]
(3]

60

Nov Dec Jan Feb March April
Month

Fig. (3): Daily average solar energy collected by solar collectors and daily average
sunshine hours during the experimental period.
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Under clear sky conditions, the solar energy available, absorbed solar energy,
useful heat gain to storage, overall thermal efficiency, and solar energy stored in the
storage tank increased gradually with solar time from sunrise to sunset till they
attained the maximum values at noon. They then declined until reached the
minimum values prior to sunset. The thermal performance analysis of the solar
heating system is mainly assessed by its overall thermal efficiency in converting
solar energy into stored heat energy.

A comparison between the daily average total solar radiation available and total
solar energy collected was executed. The correlation between the solar energy
collected (70.622 kWh) and the solar radiation available (85.110 kWh) was high
(98.24%) except that the solar collectors appear to be more efficient in November,
March, and April than in other months because the heat energy stored from the solar
heating system during daylight was consumed at nighttimes (biomass heating
system operated some days during November and March, and did not operated in
April month). Accordingly the operating fluid temperatures in the storage tank at the
beginning of each day throughout the three months were lower than the indoor air
temperature and at the same time the intensity of solar radiation was high during
these months. As the temperature difference between the absorber surface and the
operating fluid passing through the solar collectors are increased, the heat
transfer rate

between the absorber surface and the solution is increased.

They were obvious differences in solar energy available for the days recorded
during the heating period. These differences in solar energy available can be
attributed to the effect of the atmospheric conditions during the heating period and
change in the solar altitude angles from month to another. The daily average
absorbed solar energy during the heating period from November to April,
respectively, was 74.573, 69.568, 75.288, 79.511, 87.030, and 89.342 kWh. The
previous obtained data evidently showed that, the absorbed solar energy depends
upon the optical efficiency (ta) of the solar collector, which is the product of effective
transmittance of the thermal clear glass cover (0.95) and effective absorptance of the
selective black absorber plate (0.98). These two factors depend strongly on the
angle of solar incidence. Once each half an hour from sunrise to sunset, the sun's
rays were perpendicular to the solar collector surface that tracked the sun's rays.
Therefore, the solar incident angles at those times were set at zero and the optical
efficiency was at the maximum value (0.931). The daily averages absorbed solar
energy converted into useful heat gain to storage depends strongly upon the heat
removal factor. Heat removal factor depends on three important parameters; the
collector flow factor, the panel efficiency factor, and the temperatures difference
between the operating fluid and the absorber plate. The daily averages absorbed
solar energy converted into useful heat gain to storage during the heating season
from November to April, respectively, were 66.774, 65.337, 66.486, 69.062, 75.608,
and 80.304 kWh/day. Mathematical analysis of the measured data showed that,
during early and prior to sunset when the available solar radiation was less than 500
Watt and at the same times, the ambient air temperature was less than the operating
fluid, little useful heat energy was acquired when the operating fluid passed through
the solar collectors.

The overall thermal efficiency is the ratio of the useful heat energy gained by
the operating fluid leaving the solar collectors to the solar energy available. The daily
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averages overall thermal efficiency of the solar heating system during the heating
period from November to April, respectively, were 83.40%, 82.00%, 80.30%,
81.78%, 82.91% and 82.91%, consequently, 16.60%, 18.00%, 19.70%, 18.22,
17.09%, and 17.09% of the solar energy available was lost. Heat transfer efficiency
depends on the operating temperature of the absorber surface and the water inlet
temperature. As the solution inlet temperature increased, firstly; the operating
temperature of the absorber surface increased above the ambient air temperature
and heat energy losses are thus increased, secondly; the difference in temperature
between the absorber surface and the solution is reduced, making the heat transfer
less efficient. Due to the overall thermal efficiency of the solar heating system is a
combination of optical efficiency and heat removal factor; if one or both efficiencies
increased the overall thermal efficiency is increased and solar collector thermal
efficiency is thus increased. These data are in agreement with the data published by
ASHRAE (2011); Duffie and Beckman (2013) and Wang Xuan et al. (2014). The
daily averages solar energy stored in the storage tank during the heating period were
68.340 kWh (246.024 MJ), which gave an average storage system efficiency of
96.79% as listed in Table (2). Consequently, about 3.21% of the useful heat energy
gained was lost.

Table (2): Nightly average outdoor air temperature, total heat energy lost, heat
energy acquired from the solar and biomass heating systems, and the
heat energy supplied from the storage tanks during the winter

Tao °C QIoss; Qstoreds Qbiomass; qupplieda
’ kWh kWh kWh kWh

Nov. 15.1 147.712 64.419 79.903 144.322
SD 1.7 85.867 28.190 22.975 27.855
Dec. 13.2 217.939 62.678 148.676 211.354
SD 1.2 61.495 | 26.428 47.488 38.985
Jan. 11.0 294.138 63.507 220.345 283.852
SD 1.8 94.583 | 30.778 15.387 25.803
Feb. 14.0 196.459 66.672 124.907 191.579
SD 2.6 117.493 29.357 21.287 27.352
March 14.8 162.802 73.922 85.490 159.412
SD 2.2 81.546 26.184 10.387 20.857
April 16.6 53.954 78.841 55.831
SD 2.3 23.835 | 24.550 ] 18.733
Total 84.7 | 1073.004 | 410.039 659.321 1046.350
Mean 141 178.834 68.340 131.964 174.392
SD 1.9 89.380 4.546 61.565 84.895

3.2 Total renewable heat energy consumed during winter season

One of the objectives of this research work was to comprise the relationship
between the heat energy supplied into the greenhouse and the heat energy lost from
the greenhouse at nighttime during the heating season. The principal effect of
greenhouses glazing material is to provide thermal resistance that reduces the
overall rate of heat transfer into the surroundings. Greenhouse heating is an
essential requirement for proper growth, development, and productivity of sweet
coloured pepper crop. Since heating of a greenhouse is resided in the task of adding
heat at the rate at which it is lost (Nelson, 2006).
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3.2.1 Heat energy losses from the greenhouse

The heat energy losses from the greenhouse were computed during the heating
season. Most undesirable heat loss from a greenhouse occurs by long-wave
radiation, conduction and convection (Qc), and by infiltration (Qif). Greenhouse heat
loss by infiltration of cold air was calculated by considering that the total exchange
will be the sum of the sensible and latent heat energy exchange. The nightly average
outdoor air temperature (Ty), heat energy lost form the greenhouse (Qss), heat
energy stored from the solar heating system (Qstored), Net heating value of the wood
(NHV), and the heat energy supplied from the storage tank (Qsuppicd) for heating
indoor air of the greenhouse is listed in Table (2). The nightly average outdoor air
temperature during the heating season was 14.1°C, therefore, the heat losses from
the greenhouse were 178.834 kWh (643.802 MJ). They varied from night to night
and month to another according to the air temperature difference between indoor
and outdoor. The highest values of nightly average heat losses from the greenhouse
(294.138 kWh) occurred during January month, when the nightly average indoor and
outdoor air temperatures was 18.2 and 11.0°C, respectively. Whilst, the lowest heat
energy lost from the greenhouse (53.954 kWh) occurred during April month when the
indoor and outdoor air temperatures, respectively, was 19.4 and 16.6°C.

3.2.2 Heat energy gained from the biomass heating system

The nightly average weight of solid fuel used for heating the greenhouse varied
from night to night, month to another and during the heating period. These variations
were observed during the operating period of biomass burner from November 2015
till March 2016 which occurred according to the heat energy difference between the
heat energy required for heating the greenhouse and solar energy stored in the
storage tank. The nightly average weight of the solid fuel (wood of trees) from
November to March was 31.376 kg. Therefore, about 4750.714 kg (4.751 ton) of
solid fuel was used during the operating period of biomass heating system. The
highest quantity of nightly average weight of solid fuel (53.829 kg) consumed during
January month, whilst, the lowest quantity (18.442 kg) was consumed during
November month. These quantity of solid fuel were combusted in a firebox inside
the biomass burning system and provided nightly average net heating values of
166.695 kWh (600.102 MJ) as listed in Table (3). Operating fluid was pumped from
the storage tank into the heat exchanger inside the biomass burner at which it was
heated and delivered its heat energy into the operating fluid in storage tank, and then
re-circulated through the heat exchanger. The fluctuations in heat energy acquired
during the operating period as a function of time for each month during the heating
period were observed.

The nightly average net heating value(NHV), heat energy gained by the
operating fluid (Qu), the air (Qa), total heat energy acquired (Quta) , and heat energy
lost (Qioss) from the biomass heating system during the operating period are listed in
Table (3). The heat energy gained by the operating fluid and air at nighttime during
the heating period from November to March varied from hour to hour and night to
another. These variations in heat energy acquired due to feeding operations time.
After each feeding of solid fuel into the biomass burner, greater value of net heat
energy was achieved caused in increasing the heat energy gained by operating fluid.
For the duration of operating period of biomass burner, the nightly average heat
energy gained by the operating fluid (Qu) and added to the storage tank inside the
greenhouse was 81.159 kWh (292.172 MJ). The fluctuations in heat energy acquired
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during the operating period as a function of time for each month during the heating
period were plotted in Figs (4) and (5). Cold outdoor air was brought into the coil of
air heat exchanger at which it heated up and directly delivered its heat energy into
the indoor air of the greenhouse through perforated water galvanized pipe. The
outlet temperature of air blowing through blower-coil unit was allows higher than
outlet operating fluid temperatures particularly during the feeding times of burner by
the biomass solid fuels, due to the lower inlet air temperatures (ambient air) and
higher values of net heating. However, the outlet air temperature was drastically
decreased particularly in early morning, owing to quench of fire inside the biomass
burner. For the duration of operating period of biomass burner, the nightly average
heat energy gained by the air and added to the indoor air of the greenhouse (Q,)
was 50.705 kWh (182.538 MJ). There were fluctuations in the heat energy acquired
by the air during the operating period. These variations in the heat energy gained by
the air also due to feeding operations time. During the operating period of biomass
burner, the nightly average heat energy gained by the operating fluid and air (Qiota)
and added to the storage tank and indoor air of the greenhouse was 131.964 kWh
(475.070 MJ). The remainder of heat energy generated from the biomass solid fuel
was lost from the flue gas and biomass burner surface area. The nightly average
heat energy lost from the flue gas and biomass burner surface area during the
operating period was 34.831 kWh (125.392 MJ). The higher heat energy lost
occurred during January month (65.637 kWh) due to the biomass solid fuels were
absorbed moisture from the heavy rainfall (higher moisture content) during this
month. Accordingly, incomplete combustion of the solid fuel usually occurred during
this month.

Table (3): Nightly average heat energy input (net heating value), heat energy output,
heat energy lost, and thermal efficiency during the operating period.

Heat
. Input Output heat energy energy TI_1e_rmaI
kWh

Qw Qa Qtotal Qloss n
Nov. 18.442 | 97.978 | 51.078 | 28.825 | 79.903 | 18.075 81.55
SD 6.777 | 73.696 | 14.574 8.400 | 22.975 | 7.158 1.72
Dec. 34.736 | 184.545 | 91.965 | 56.711 | 148.676 | 35.869 80.56
SD 9.897 | 52.779 | 30.802 | 19.418 | 47.488 | 8.985 1.65
Jan. 53.829 |285.982 | 132.123 | 88.222 | 220.345 | 65.637 77.05
SD 18.809 | 81.177| 16.907 | 14.857 | 30.036 | 15.380 2.22
Feb. 29.829 | 158.066 | 77.266 | 47.641 | 124.907 | 33.159 79.02
SD 8.103 | 85.714 | 12.956 7.568 | 12,956 | 7.253 2.18
March | 20.122 | 106.904 | 53.365 | 32.125 | 85.490 | 21.414 79.97
SD 5.706 | 69.988 | 6.496 | 3.918 | 10.494 | 4.577 1.37
Total | 156.881 | 833.475 | 405.797 | 253.524 | 659.321 | 174.154 -
Mean | 31.376 | 166.695 | 81.159 | 50.705 | 131.964 | 34.831 79.63
SD 14.248 | 75.696 | 21.790 | 25.603 | 61.565 | 19.960 1.72

The actual obtained data of the heat energy balance on biomass unit revealed
that, during the heating period, the heat energy absorbed by operating fluid
represents 52.13%, 49.83%, 46.20%, 48.88%, and 49.92% of the total heat energy
input, respectively. It also showed that, the heat energy gained by air during the
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same period represents 29.42%, 30.73%, 30.85%, 30.14%, and 30.05% of the total
heat energy input, respectively. The heat energy balance also indicated that, the
heat energy lost from the flue gas and biomass burner surface area during the
operating period, respectively, represents 18.45%, 19.44%, 22.95%, 20.98%, and
20.03%. The relationship between the measured and predicted heat energy
balance was highly agreement by 97.14% with highly coefficient of determination (R?
= 0.987). The biomass burner efficiency could be optimized by balancing the cooled
wall structure and thereby the actual heat energy output. The biomass burner
thermal efficiency was computed as the ratio of heat energy output (heat energy
absorbed by the operating fluid and cold air) to the heat energy input (net heating
value of biomass) as mentioned previously.
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Fig. (4): Heat energy gained by the biomass heating system as a function of

operating time during November, December, and January months.
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Fig. (5): Heat energy gained by the biomass heating system as a function of
operating time during February, and March months.

Heat energy losses from the biomass burner could be due to incomplete
combustion, high moisture content in the solid fuel, high ash content, inefficient
biomass burner design, and heat energy includes in the exhaust smoke at the end.
For instance, combusting of moistened biomass solid fuel requires heat energy to
evaporate moisture in the fuel. Therefore, the thermal efficiency of biomass burner
varied from night to night and month to another owing to the moisture content of the
biomass solid fuel. For the duration of operating period of biomass heating system,
the nightly average thermal efficiency was 79.63% as listed in Table (3). These data
are in agreement with the data published by Louis-Martin and Mark (2010);
Hebenstreit et al. (2011); and Musil-Schlaeffer et al. (2011) when they reported
that, the conventional small scale biomass burners reach only about 73 to 89%
thermal efficiency based on the net heating value. The lowest thermal energy
efficiency (77.05%) occurred in January month due to the solid fuel materials had
higher moisture content from the rainfall during this month.

3.2.3 Heat energy providing

During the 180 days heating period, the solar heating system collected 12.712
MW of useful heat energy to storage of which 12.316 MW was stored in the storage
tank and functioned for providing portion of total heat energy required for heating the
greenhouses. The daily average heat energy provided by the hybrid renewable heat
energy systems (biomass heating system assisted solar heating system) during the
heating period is given in Table (4). It was compared with the total heat energy
requirements for providing and maintaining the optimal level of indoor air
temperature inside the greenhouse. During the heating season (from November
2015 to April 2016) the daily average useful solar energy collected was 70.622 kWh
(254.239 MJ) of which 68.340 kWh (246.024 MJ) was stored in the storage tank and
consumed during the growing season for heating each greenhouse. During the
heating period, the storage tank inside the greenhouse was acquired 131.964 kWh
(475.070 MJ) per night as supplementary heat energy from the biomass heating
system. Thus, the hybrid heating system connected to the greenhouse provided
200.304 kWh (88.87%) of the daily total heat energy required (225.389 kWh). The
daily average electrical energy consumed by the water pump which circulated the
operating fluid between the solar heating system and the internal storage tank
(Pump 1) was 4.250 kWh. The nightly average electrical energy consumed by the
water pump (Pump 2) which circulated the operating fluid between the storage tank
and the heat exchanger inside the biomass heating system was 5.075 kWh. The
nightly average electrical energy consumed by the water pump (Pump 3) used to
distribute the stored heat energy in the storage tank within the greenhouse was
7.485 kWh. The air blower consumed electrical energy of 8.275 kWh per night.
Therefore, the three different water pumps and the air blower consumed 25.085 kWh
(11.13%) of electrical energy per night of nightly total heat energy required for
heating the greenhouse.
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Table (4): Daily average total heat energy normally required (kWh) for heating the
greenhouse during the heating season (180 days).

reat | Provans
Energy energy,
kWh/day | _heat
energy, %
Solar and biomass heat energies consumed
Daily useful heat energy collected 70.622 31.33
Daily heat energy stored in the storage tank 68.340 30.32
Nightly heat energy gained from the biomass system 131.964 58.55
Total heat energy consumed per night 200.304 88.87
Electrical energy consumed
Daily electrical energy used by water pump (1) 4.250 1.89
Nightly electrical energy used by water pump (2) 5.075 2.25
Nightly electrical energy used by water pump (3) 7.485 3.32
Nightly electrical energy used by air blower 8.275 3.67
Total electrical energy used during heating operation 25.085 11.13
Total energy actually used by greenhouse 1 225.389 100.00

The potential saving from solar power was not fully realized as compared with
biomass heat energy for two main reasons: Firstly, little solar energy was collected in
the first two hours after sunrise and the last prior to sunset due to low solar altitude
angle and high operating fluid temperature in the storage tank. As the heat energy
stored in the storage tank was not completely consumed at some nights, therefore at
the beginning of some days more than two hours of sunshine were lost. Secondly,
during the coldest month (January) the outdoor air temperature at some night times
was lowered to 4.8°C for the majority of the last three hours of nighttimes (three
hours prior to sunrise) resulting in great amount of heat energy loss. Accordingly,
there was 220.345 kWh (793.242 MJ) of biomass heat energy were added into the
operating fluid in the storage tank inside the greenhouse and the indoor air during
this month. Therefore, a movable baffle was used to close the outside surface area
of the cooling pads at the end of daylight to minimize the heat losses due to
infiltration of cold air. In spite of these heat energy losses the hybrid system is
providing a significant proportion of the total heat energy required for heating the
greenhouse. If the electrical energy consumed by the water pumps and the air
blower are ignored because of these units are a basic components of the renewable
heat energy and does not a source of heat energy addition into the greenhouse, the
proportions of heat energy provided using renewable sources of heat energy
systems for heating the greenhouse is 100%.

3.3 Effect of heating greenhouse on microclimatic conditions

Both long and short-term production related processes, such as
photosynthesis, transpiration and reallocation assimilates, flowering and fruit setting,
depend on microclimatic factors (solar radiation, air temperature, and air relative
humidity during daylight and indoor air temperature and relative humidity at night),
and in the case of greenhouse crop. The indoor air temperature of the greenhouse
had compared with the outside air temperature as an important measure of the
effectiveness of the environmental control system. The fluctuations of air
temperature surrounding the crops play an important role for their growth rate,
development, and productivity. Fluctuation changes in air temperature, caused by
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the ON-OFF control board, evidently observed inside the greenhouse. A temperature
gradient developed along the centerline of greenhouse and its value varied with time
during each heating cycle. The nightly average outdoor and indoor air temperatures
of the greenhouse, respectively, were 14.1 and 18.6°C. The indoor air temperatures
of the greenhouse which continuously heated using hybrid renewable energy
systems during the winter months was always greater than that the outdoor air
temperature by 4.5 and at the same time it was at and around the optimal level of air
temperature (18-19°C). The nightly averages minimum outdoor and indoor air
temperatures recorded at 06.15 h (just prior to sunrise), respectively, were 7.2 and
17.7°C. In combination with the low temperature requirements of the most commonly
cultivated horticultural crops (minimum air temperatures for tomato, green bean,
cucumber, and sweet pepper, respectively, are 13, 14, 15, and 16°C according to
Spanomitsios, 2001; Kittas et al., 2003; Nelson, 2006). During the heating season
(six months) the heated greenhouse achieved a minimum air temperatures over the
recommended minimum level (16°C) by 1.7°C, which provided the possibility of a
good productivity for a limited cost.

Most protected cropping grow best within a fairly restricted range, typically
45% to 80% air relative humidity for many varieties (Oztirk and Bascetincelik,
2003). High air relative humidity is the response of pathogenic organisms. Most
pathogenic spores cannot germinate at indoor air relative humidity below 85%. Low
air relative humidity increases the evaporative demand on the plant to the extent that
moisture and water stresses can occur during daylight-time, even when there is an
ample supply of water to the roots. The nightly average outdoor and indoor air
relative humidity during the heating period was 80.6% and 65.4%, respectively. This
means that at nighttime, the indoor air relative humidity was lower than that of the
outdoor by about 15.2%. This variation can be attributed to the effectiveness of the
heating system using biomass heating system assisted solar heating system for
heating up the indoor air of the greenhouse. Indoor air relative humidity of the
greenhouse during the growth period was at and around the optimal level. Cyclic
changes were also observed in the indoor air relative humidity, and the humidity
ratio, which measured inside the greenhouse. The cyclic variation in air relative
humidity occurred at the peak of the heating cycle in the greenhouse. Thus, the
indoor air relative humidity of the greenhouse was decreased by 5.1% after the peak
of each heating cycle, whilst at the end of the cooling down it increased by 6.9%.
Furthermore, stable microclimate conditions (air temperature and relative humidity)
could reduce greenhouse heat losses and meet the physiological requirements for
growth, development, and productivity of fresh sweet coloured pepper. At daylight
times, the daily averages outdoor and indoor air relative humidity of the greenhouse
was 52.7% and 56.8%. Due to the greenhouse is also equipped with a complete
direct evaporative cooling system based on fan-pad system, the daily average indoor
air relative humidity of the greenhouse was higher than that the optimal minimum
level (45%, according to Oztiirk and Bascetincelik, 2003).

Vapour pressure deficit (VPD) is a good indicator of plant stress brought
about by either excessive transpiration (higher VPD values = 2.0 kPa) or the inability
to transpire adequately (lower VPD values < 0.43 kPa) as mentioned by Argus
(2009). Vapour pressure deficit relates to the customary thinking about indoor air
relative humidity and air temperature. Higher vapour pressure deficit means that, the
air surrounding the plant has a higher capacity to hold water, stimulating water
vapour transfer (transpiration) into the air in this lower air relative humidity
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conditions. Lower vapour pressure deficit, on the other hand, means the plants are
unable to evaporate enough water to enable the transport of minerals (such as
calcium) to growing plant cell, even though the stomata may be fully open. The
nightly average indoor vapour pressure deficit (VPD) of the adapted greenhouse
during the heating period was 0.7337 kPa which was higher than the critical level
(PVD = 0.43 kPa). When the vapour pressure deficit is extremely low, water may
condense out of the indoor air onto leaves, fruit, and other parts of plants. This can
provide a good medium for fungal growth and pestiferous diseases. Whilst, the daily
average indoor vapour pressure deficit of the greenhouse during the same period
was 1.5547 kPa which was lower than the critical level (VPD = 2.0 kPa) during
daylight-time.

3.4 Effect of microclimatic conditions on productivity of pepper

Due to the microclimatic conditions (indoor air temperature and air relative
humidity) of the adapted greenhouse was at or around the optimal levels during
daylight-time (using evaporative cooling system) and at nighttime (using hybrid
heating system), optimal vegetative growth rate and productivity was achieved. This
achievement may be attributed to the biochemical reaction rates of various metabolic
processes, absorption rate of nutrient elements and water uptake by root system
during different days of growth which strongly affected by the microclimatic
conditions, particularly the indoor air temperature and relative humidity of
greenhouse (G1). This is in agreement with the data published by Ozkan et al.
(2011) and Daniel and Vansickle (2012). The numbers of fruits being seated on the
plants within the greenhouse was 9810 fruits. The number of fruits during the
harvesting period ranged from 212 to 1585 fruits. The total fresh yield of sweet
coloured pepper crop was 2388.823 kg with productivity rate of 8.618 kg/m®. The
fresh yield of sweet coloured pepper reached to the peak harvest (404.117 kg) on
February month. The average weight of one fresh fruit harvested 243.509 g/fruit. The
highest average weight of one fruit (314.642 g/fruit) was achieved from the first
harvest. While, the lowest averages weight of one fruit (173.120 g/fruit) occurred
during the last harvest.

The irrigation water use efficiency for the adapted greenhouse during the
growing season was 29.860 kg/m>. These data revealed that, the irrigation water use
efficiency for the heated greenhouse was closest to the optimum value (30.3 kg/m®)
recommended by Lorite et al. (2004). The total fresh yield of sweet coloured pepper
produced from the greenhouse (2388.823 kg) with high quality of fresh fruits was
sold by LE 35 832 (15 LE/kg) and provided an annual irrigation water productivity of
447.9 LE/m°.

4. Conclusion

This paper has undertaken a study to carry out both solar and biomass heating
systems for greenhouse heating during winter season of 2015-2016 at the eastern
area of coastal delta, Egypt. Some concluding remarks from this research work are
listed as follows:

« The solar heating system provided 68.340 kWh (30.32%) and the biomass heating
system provided 131.964 kWh (58.55) of the nightly total heat energy required
(225.389 kWh) for heating the greenhouse. Accordingly, the hybrid heating
system provided 200.304 (88.87%) of the total heat energy required.
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» Greenhouse heating provided and maintained an optimal level of microclimatic
conditions (indoor air temperature and relative humidity) for sweet coloured
pepper. Therefore, the nightly average vapour pressure deficit (0.7337 kPa) at
nighttimes during the winter season was always higher than the critical level
(PVD = 0.43 kPa).

«  High quantity and quality of fresh yield (8.618 kg/m?) were achieved from this
greenhouse. It also provided high water use efficiency of 29.860 kg/m®. High
water use efficiency (29.860 kg/m®) and high annual irrigation water productivity
(447.9 LE/m®) were achieved during this study.
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