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ABSTRACT

This paper presents a hew approach to properly estimate energy consumption inside a
greenhouse. In this study, we have adopted improved classical modelling to evaluate the
energy balance of a greenhouse with a higher precision. While the traditional classical
model focuses mainly on the cooling and heating (and denies the deep influence of
lighting factors), we demonstrate the importance of considering these three necessary
components as being interdependent through this academic study; they should all be
integrated in order to reach optimal crop production and efficient energy consumption.
Our contribution will be to improve the traditional classical model and to demonstrate
that daylight, as well as artificial lighting, has fundamental consequences on the
estimating of the required energy consumption and the choice of the optimal shape and

coverage material of the greenhouse.

INTRODUCTION

Nowadays, energy consumption is becoming the
most important factor in the world (Zhu & Li, 2015.The
reserves of non-renewable energy resources have recently
been found to be lower than expected, which is very
worrying, and these resources have a negative impact on the
greenhouse effect and on climate change. (Chen & Chen,
2011). Due to this fact, Scientific developments are moving
towards the use of renewable energies are migrating to the
use of renewable energy (e.g., solar energy) which could be
used either in a direct or indirect way by converting its
energy into another type of energy. For example, solar
energy can be used for illumination, cooling and heating.
This approach has reached many sectors (such as industry,
healthcare and education) but it is mostly used in
agriculture, particularly for greenhouses (Khattar et al.,
2019; Adeli et al., 2020; Ahemd et al., 2016).

In Tunisia, the development of rural areas is based
on agriculture, which employs more than 50% of the
population (Atia & EI-Madany, 2016). However, for several
years, this sector has experienced a significant decrease in
responsiveness to the local and international market due to
the lack of availability and productivity required to
guarantee a good quality of agricultural products. In
addition, the impact of climate and poor water resource

management aggravates the lack of productivity and the
quality of Tunisian products. On the other hand, the training
programs are not well adapted to the real needs of the farmer
and do not incorporate the notions of sustainable energy and
smart control systems.

All of these factors inspired us to prepare this work,
which presents part of a larger project, in which we aim to
present a new approach for correctly optimising energy
consumption in a greenhouse. In order to meet this need, the
thermal model must be properly dimensioned and take into
account the possible transfers that will take place in a
greenhouse. At present, there are three thermal models:
dynamic, intermediate and static.

The static model (Ge et al., 2016; IRENA 2015; Ma
et al., 2019) is a model that allows the calculation of the
capacity and power required by the heating and cooling
equipment, by referring to a meteorological database. This
model does not take the solar radiation into account.

The intermediate model (Fitz et al., 2010 ; Belkadi et
al., 2019 ; Fan & Hao, 2019 ; Abbaspour et al., 2019 ;
Abbaspour et al., 2020 ; Abbaspour et al., 2019 ; Belkadi et
al., 2019 ; Adedeji et al., 2017; Ahemd et al., 2016) is used
often. It is not as accurate as the dynamic models but it
remains an interesting model; it requires more work to
make it more rigorous. This model takes into account the
sunshine and all types of heat transfer.
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The dynamic model (Belkadi et al., 2020; Wei et al.,
2019; Atalay et al., 2017; Aviara et al., 2017; Aktas et al.,
2016; Noorollahi et al., 2016) is a model that has proved to
be accurate and we can assume that it has reached its limits
of contribution. It is a very complex model to manipulate
since the modification of one or more inputs requires very
complex modifications and configurations.

In our dimensioning, we have adopted the classical
model but adhered to new approaches to improve the
accuracy and reliability of the energy consumption in a
greenhouse and to make the best choice, in terms of
coverage and shape of the greenhouse.

MATERIAL AND METHODS

Our approach is mainly and essentially based on the
work of previous classical models that take into account the
different components that influence the heat balance in
greenhouses in particular.
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FIGURE 1. Analysed Greenhouse Forms.

Specifications of the greenhouse covering materials
analysed

Five diverse greenhouse covering materials were
considered in our study and their characteristics are listed in
Table 1 [21-24].

TABLE 1. Characteristics of covering materials.

GL LEG PE PC Acr
Index M1 M2 M3 M4 M5
Lc 152.10% 32.10° 3.10°3 0.01 6.10°3
Str 0.87 0.78 0.905 0.9 0.9

Lwt 50 <3 3 <3 <5
Kc 0.33 0.76 0.76 0.17 0.2
ACH 0.85 11 11 11 11

Study of heating needs of classical models

The calculation of the heating requirements,
according to the conventional models, is shown in egs (1)
and (2). It is based on the static heat loss coefficient Ustatic
given by the manufacturer (see Table 2), the surface of the
greenhouse and the difference between the external
temperature and the set point.

298

These theoretical models have paved the way for a
more important contribution. According to the classical
model, the calculation of the cooling and heating needs does
not depend on solar radiation but only relies on
meteorological data.

Study of the conventional classical model
Choice of covering materials and shapes

Throughout our analysis we focussed on the
following forms and covering materials of greenhouses.

Specifications of greenhouse forms analysed

Four different shapes of greenhouses were analysed,
as shown in Figure 1. The analysis of these greenhouses was
carried out for the same volume (4420 m®) and dimension
of the base surface (w =34 m, L=40 m).

Uneven Span

TABLE 2. Coefficient of static heat 10sS Ustatic.

Cover materials Ustatic
M1 Glass (single layer) 1.13
M2 Low-emissivity glass 0.45
M3 Polyethylene 1.20
M4 Polycarbonate 1.05
M5 Acrylic 1.13
H =A (T. - T ) u, . 1)
mpn in min/ ~ static
H =A (T. -T ) U, . (2)
apn in av static

Equation (1) was used to size the heating equipment,
in order to ensure proper operation in the worst-case
weather scenario, while [eq. (2)] was used to determine the
average heating requirement.

Figure 2 and Figure 3 show respectively the
minimum and the average daily heating energy demand in
kWh m2,
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Minimum heating energy demand
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FIGURE 2. Minimum energy demand for heating of the traditional model [kWh m-].

Average heating energy demand
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FIGURE 3. Average heating energy demand of the traditional model [kWh m-2].

From Figure 2 and Figure 3, we conclude that the
covering material M2 consumed little energy. It consumed

1
§ of the electrical power needed by the other covering

materials. This result was expected, due to its low heat
loss value.

Regarding the shape of the greenhouse, we deduced
that the energy consumption was almost identical; it was
difficult to distinguish the most economical shape.

Study of cooling needs of classic models

The estimation of the cooling system was based on
the calculation of the optimal value of the exhaust fan (in
m3s?), as shown in [eq. (3)].

C gpn= 0.85W L H 3)

A fan of this size will exchange the air in the
greenhouse at least once per second, which is recommended
for the ventilation of small greenhouses.

For large greenhouses, it was necessary to install an
evaporative cooler, as represented in [eq. (4)] for
greenhouses without shade cover and [eqg. (5)] for
greenhouses equipped with 50% or more shade cover.

P = 2C  Eff 4
Cooler apn “)

1-S
f

5

0) ()

P =
Cooler Capn Bff (L+

Figure 4 shows the average daily cooling energy
demand [kWh m™].
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FIGURE 4. Average cooling energy demand of the traditional model [kWh m?].

Presentation of the BGHMC model

Our implemented model, called ‘BGHMC’, was
essentially inspired by the traditional classical model into
which we injected new parameters.

- We recalculated the heating requirement by taking
the global heat loss coefficient U as a dynamic value,
which was taken statically during the studies of the
traditional models.

- We took into account some correction factors for
the calculation of the cooling system, such as Fiignt, Fetev, Fvel
and Ftemp.

- We improved the cooling system by using a PAD
evaporative cooling system.

Study of heating needs of the BGHMC model

To determine the optimal required heating load, we
needed to calculate the minimum power required, using

[eq. (6)].

H =A(T. —T.)U . (6)
mpn in min/ — dynamic

Udynamic
our model, this value represents a dynamic value, which is
contrary to the traditional classical model where it is a static
value. Tmin represents the lowest temperature value, which
allowed us to dimension the heating equipment to ensure
proper operation in the worst-case weather scenario.

Figure 5 shows the minimum heating power required
for each type of greenhouse and material used.

represents the heat loss of the material. In

Minimum required heating capacity
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FIGURE 5. Minimum power required for heating [kWh m].

To estimate the average daily heating consumption,
we need to determine the average low temperature, which is
actually the sum of the minimum temperatures for each
month divided by the number of months, and then calculate
the average power required for each shape and each
cladding of the greenhouse, using [eq. (7)].

Forms

H =A(T

apn in Tav) Udynamic 0

Figure 6 shows the daily consumption of the heater
for each type and material of the greenhouse.
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Average required heating capacity
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Figure 5 and Figure 6 clearly show that the coating
material MO2 has the lowest power requirement, which was
expected due to its low heat loss value, while M05 had the
highest power requirement. It is also remarkable that the
most economical form was the Uneven span, while the
rectangular shape was the most energy-consuming.

Study of cooling needs of the BGHMC model

Cooling is one of the most important components of
a greenhouse. Its role is to provide fresh air and to cool the
greenhouse. Poor ventilation in a greenhouse can damage
plants and is similar to a solar cooker. The major problem
with a greenhouse is that it is mainly designed to store the
sun's heat during the day, which makes the cooling of a
greenhouse on a hot day very complicated and can only be
guaranteed by a good dimensioning of the cooling system.

The choice of cooling system depends on many
parameters: altitude, climate, wind, size, etc. The cooling
system can be natural, mechanical or cooling system such
as PAD system.

a) Natural ventilation

Natural ventilation does not need electricity, it is
created by the wind using a wind opener. The door opener
is a kind of metal cylinder that contains a mineral which,
once heated, expands to push a piston to open the door
opener. It shrinks when the temperature gets colder.
According to the American Society of Agricultural and
Biological Engineers standards, the size of this opener
should be at least 15 to 20% of the ground surface; this
system is mostly used during the winter. Figure 7 shows a
greenhouse with a natural ventilation system.

FIGURE 7. Natural ventilation of a greenhouse.

Forms

FIGURE 6. Average daily consumption of the heater [kWh m-2].

b) Mechanical ventilation

Mechanical ventilation is created by an electric fan
and air extraction system, which can be either shutters or
openings, but this system is not effective for summer
ventilation as it is not able to maintain the desired
greenhouse temperature in warm areas. Figure 8 shows a
greenhouse with a mechanical ventilation system.

FIGURE 8. Mechanical ventilation of a greenhouse.

c) Cooling System

As Tunisia is a relatively warm region, the incoming
air must be cooled by using an evaporative cooler to cool
the outside wet tank between 16.66 and 15.55°C of the
cooling system. For this reason, we had to use an
evaporative cooling system, also known as PAD cooling
system. Figure 9 shows the ventilation system used.

Systéme de refroidissement Air chaud
par évaporation

FIGURE 9. PAD cooling system.
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In order to estimate the load on the cooling system
of a greenhouse, we calculated the total volume flow
required and that of the evaporative panel system.

The required volumetric flow Dv for each square metre
of the greenhouse was calculated using 4.06 1092 m3s? for
normal weather and 8.63 10> m* for a warm climate (Aktas
etal., 2016; Atalay et al., 2017) respectively and then applying
other relevant factors, such as Fiight, Felev, Fvet and Feemp.

e Feev Factor

The capacity of air to evacuate heat depends mainly
on its weight and not on its volume. Since air is less dense
as altitude increases and more air is needed to provide the
equivalent weight compared to normal conditions,
deviations from the standard can be compensated for by an
elevation factorFg;,,,.

This factor is estimated at 1 for altitudes below 304.8
m, which is the case in Tunisia, otherwise it must be calculated
using [eq. (8)]. Where BP is the local barometric pressure:

29.92

Fpey = 5~ (®)

o Fiight Factor

The interior light intensity, which depends on the
location of the greenhouse, the amount of shade, and the
intensity of daylight, determines the amount of heat brought

to the greenhouse. This adjustment factor F;y is
calculated using [eg. (9)].

L
Frigne = <50 )

In our case, the value of Lnax relative to the rectangular
shape equipped by M01 was evaluated to 16 Klux, as detailed
in part of the simulation of the natural lighting of the
greenhouse. This factor was estimated to be 0.25.

o Fremp Factor

The greenhouse temperature increases from the pad
to the fan (ATp_f ), which is a very important design factor.

It is inversely proportional to the airflow and can be
adjusted to any value. If this value is different from

13.88°C, the temperature increase factor FTemp is
calculated using [eg. (10)].
7.0
FTemp = m (10)

The combination of all these factors determines the
adjustment factor, which is used to complete the design
capability of the cooling system.

Fhouse = FTemp Frlev FLight (11)

o el Factor

The transverse velocity of the air flow inside the
greenhouse becomes too low and we often feel that the
greenhouse is humid even if we ensure sufficient thermal
balance. To avoid this and to increase the air velocity, we
have to use a control factor which can be calculated using

leq. (12)].

302

10

Dp—f

(12)

Fpe=

After selection of the appropriate adjustment factors

F and F ., the total volume of air required for
house vel q

cooling a greenhouse is obtained by multiplying the floor
area of the greenhouse by the base air flow rate and the
appropriate adjustment factor, by applying [eq. (13)].

Tr =Dy L W Fyouse Fyer (13)

We then determined the appropriate size and number
of fans able to produce the required air volume and the
surface area of the cooling panel, this included specifying
the length and height of the pad system, the capacity of the
water basin and related components.

The preferred distance between the pad and the fan,
to obtain the best airflow speeds, ranged from 30 to 70 m.
For very long greenhouses, growers should plan to install a
PAD at both ends with exhaust fans in the middle, using
wall or roof-mounted fans. The cooled air then enters at
each end and is exhausted in the middle of the greenhouse.

a) Fansizing

A sufficient number of fans has been selected to
provide the required amount of air, at a static pressure of
24.91 Pascal. A wind of 25 km per hour is approximately
equal to 24.91 Pascal of static water pressure.

The number of fans required was determined by the
size of the selected fans. the fans used are capable of
providing a maximum spacing of 7 m along the exhaust side
of the greenhouse.

b) Sizing of cooling panels

To determine the surface area of the cooling panel
pad, it is recommended that the total air volume calculated
in [eq. (14)] is divided by 150, if the pads are made of aspen
wood, as shown in Figure 10a. Whereas, if they are made of
corrugated cellulose (Figure 10b), divide by 250 and 350 if
their thickness is 10.16 cm or 15.24 cm, respectively.

RGO &

FIGURE 10a. Aspen wood.

FIGURE 10b. Corrugated cellulose.

In the case studied, 16 mm corrugated cellulose was
used, which lead us to determine the surface of the pad using

leq. (14)].
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= Tr

a = 5eo (14)

To determine the height of the pad, it was necessary

to divide the area by the length, as shown in [eq. (15)].
Pa

Ph:l

(15)
It was then necessary to dimension the water tank
and the necessary flow rate.
To determine the necessary water flow Pc, we used

[eg. (16)].

P.=P.G (16)

Where G is the required water flow rate in m3sper
linear metre, it is estimated to be 2.110° m3s™ per linear
meter for the aspen wood pad, and 3.15 10° m3s* and
4.73105 m3s1 per linear metre for the 10.16 cm and 15.24
cm thick corrugated cellulose pads, respectively (Aktas et
al., 2016; Atalay et al., 2017).

TABLE 3. Maximum illumination and illumination factor.

303

To determine the capacity of the water reservoir, the
capacity of the required settling tank G2 must be multiplied
by the pad surface area, as shown in [eq. (17)].

Se= P, G, (17)
G2 should be sized to provide 3.4 10° m3s for the
aspen wood pad and 5.09 10 m3s? and 6.8 10 m3s for
the cellulose pad of thicknesses 10.16 cm and 15.24 cm,
respectively.
All of the greenhouse types studied had the same
floor area and design parameters, the only difference was in

the FLight factor and this was due to the maximum
illumination inside the greenhouse. These parameters were
calculated according to the daylight simulation, discussed in

the section: ‘Study of lighting needs of classical models.
Table 3 shows the maximum illumination and

the FLightfactor for each type and cover material of
the greenhouse.

Elliptic Even span Rectangular Uneven span
Lux Fiight Lux Fiight Lux Fiight Lux Fiight
M 01 14918 32.1 14995 32.2 16104 34.6 15340 33.0
M 02 12171 26.2 13548 29.1 14157 304 13893 29.9
M 03 13248 28.5 14625 314 15234 32.8 14970 32.2
M 04 13955 30.0 15332 33.0 15941 34.3 15677 33.7
M 05 13955 30.0 15332 33.0 15941 34.3 15677 33.7

Figure 11 shows the annual cooling energy consumption for each type and cover material of the greenhouse.

Average cooling energy demand
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FIGURE 11. Cooling energy consumption [kWh m-2].

Figure 11 clearly shows that the Even span
equipped within the covering material M03 had the lowest
power requirement.

Study of lighting needs of classic models:

To determine the annual lighting consumption of
the greenhouse, we simulated natural daylight to
determine the conventional lighting fixture consumption

Evan Span Rectangular Uneven Span

Forms

through the use of daylight system controls.
a) Daylight calculation

In order to design the daylight system, we began by
3D modelling each shape of the selected greenhouse, and
then defined the properties of the covering material, the type
of reference sky (clear sky, global sky and overcast sky),
and the hours and days considered for the simulation in
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order to create the natural light scenes. We simulated materials of greenhouse roofing. An example of daylight
daylight from 07:00 to 22:00 and for days 1, 8, 15 and 22 of simulation of the elliptical shape equipped with M3 is
each month. This procedure was applied for all types and shown in Figure 12 and Figure 13.

Daylight Simulation results of August

- 2 0o &N

N o

FIGURE 12. Results of the simulation of natural light in August [klux].

Daylight Simulation results of December

- 0
.
. >
N
. 4
== 5
s
. 7
21:00
FIGURE 13. Results of the simulation of natural light in December [klux].
Figure 12 and Figure 13 describe the daylight results In order to compare the daylight of the different
in the elliptical form equipped by M3 for the months of shapes, we calculated the average daylight illuminance for

each type of greenhouse used for the M3 cladding material,

August and December. A
as shown in Figure 14.
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DAYLIGHT OF ALL TYPES OF THE GREENHOUSE

8
—m— Elliptic
—@— Evan Span
Y v
7 /'\0\ Rectangular

/:/ \V —v— Uneven span

FIGURE 14. Daylighting in all types of greenhouse [Klux].

Referring to Figure 14, it can be deduced that the
rectangular shape of the greenhouse was, apparently, the
best in terms of daylight and that the elliptical shape remains
the least efficient.

In order to study the impact of cladding materials
on daylighting, we simulated (through DIALUX EVO) all

TABLE 4. Effect of roofing materials.

I e e e e oo e e e R B B s m e e e
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
MONTH

types of cladding materials for a reference date and time
(15/06/2018 at 13:00), as lighting depends not only on
transparency but also on reflection, light absorption, height,
size and shape of the greenhouse. The results are presented
in Table 4.

Roofing materials Simulated illuminance on Light gain/loss compared to the M3
(15-06-2018 at 1 PM) [Klux]. reference in %.
M1 12.595 Taken as a reference
M2 13.331 -5.84%
M3 11.715 6.99%
M4 11.715 6.99%
M5 13185 -4.68%

To combine the effect of the cladding material and the type of greenhouse, we applied the above gain/loss illuminance

factor to all greenhouse types, as shown in Figure 15.

Annual average daylight

e N

&S En e e g e e B
(SRR N R S ]

|

Tneven Span

FIGURE 15. Average annual daylighting of all types of greenhouse [klux].
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Figure 15 shows the daylight illumination of all
types of greenhouse and it can clearly be seen that a
rectangular greenhouse has the best value, in terms of Lux
level, compared to the others. While M3 and M4 have the
lowest illumination value, there is not much difference in
the rest of the material.

L4 Y hd

b) Energy demand for lighting

306

In order to design the required artificial lighting, we

Climatic data Selecting of target

(Toue, Vi, ler, tC.)

Structure Proprietes
operating parameters

(L, W,H,T,etc..) (Tin, Re, Vs, etc..)

Calculation of the
Lighting heating
effect

v Y hd

Energy Balance

Lighting Design
by using Dialux Evo
software

}

Hourly heating and cooling energy demand

)

Total energy demand of the greenhouse

h J

)

the greenhouse

Choose the most efficient shape and covering material of

FIGURE 16. Lighting design process.

After all of the calculations were made, 1400 60W
light fixtures were suspended 1.8 m from the work surface
(floor), with an output of 160 Im.W! and a CCT of 4000 K.

According to the simulation, our objective was

Hourly lighting

energy demand

applied the procedure described in Figure 16 to achieve the
target brightness level of 8475 Lux [28] for tomato plants.

achieved with a lighting of 8478 Vs 8475 [lux] and a power
consumption of approximately 60 W.m-2,

An example of the false colour rendering of the

simulation is shown in Figure 17.
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FIGURE 17. An example of false colour rendering of a lighting configuration and a light distribution map of the greenhouse [lux].

Figure 17 shows that the lighting was at the
approximate target light level and that the light distribution
remained uniform over the entire greenhouse surface.

To reduce light energy, we implemented a daylight
control system. In order to synthesise the system, a light
sensor was connected to a raspberry pi3 to transmit the
value of the light in real time by converting the difference
between the target value and the sensor value into a PWM
signal. The brightness of luminaires has been modified in
order to achieve the target lux level. This task was
performed during the period [07:00 to 22:00] as long as the

daily PPFD was lower than the target value of the tomato
plant. When the daily PPFD was reached (between 7:00 to
22:00), the lighting was automatically switched off.

In order to estimate the average compensated
illumination of all types of greenhouses equipped with M3
equipment, the illumination of the total number of installed
lights (when all the lights are on) needed to be subtracted
from daylight. Finally, we calculated the need for
compensating lighting. In fact, we deduced the annual
energy consumption of lighting for all types and materials
of greenhouse roofing, see Figure 18.

Lighting Energy demand

. M1
. M2

'g . M2

=~ 0.4 . M4

g I

=

g

o 024

o

o
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0

&
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L& ]

o

(=]

g 01

2

<

0,04
Elliptic Ewvan Span  Rectangulasire  Unwen Span

FIGURE 18. Energy demand for lighting in [kWh m-2].

We note that, in Figure 18, the need for energy
compensation in lighting remains high compared to other
forms of greenhouses, especially in the case of the
rectangular shape.

Forms

Global energy demand

In order to calculate the overall energy consumption
in the greenhouse, we summed the three compartments
(heating, cooling and lighting) for the different forms and
cover materials, as shown in Figure 19.
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Global energy demand

Puissance globale requise [KWHm?].

Elliptic

FIGURE 19. Global daily energy consumption [kWh m-2].

Figure 19 clearly shows that the lowest overall
energy consumption was recorded in the Uneven span
greenhouse equipped with M03, while the rectangular
shape equipped with M5 was the worst-case scenario, the
latter could even cause us to lose more than 30% in
electrical energy.

.
. 2

—
—

Evan Span Rectangular ~ Unwen Span

Forms

Practical validation of the energy model

In order to verify the performance of the designed
‘BGHMC’ model, we implemented an electric meter to
compare the theoretical results with the measured results
during the period from March 2019 to February 2020. The
recorded results are shown in Figure 20.

Global Energy Demand

[ Measured Model
I BGHMC Model

6 | mmmm Tradtional Classical Model

Total power required [KwWh/m?].

Models

FIGURE 20. Global consumption of the different models [kWh m-2].

Figure 20 shows that the overall consumption of the
BGHMC model was almost close to that recorded by the
measured results, within a tolerance of about 12%, while the
energy estimate of the conventional model was totally
wrong; it was more than double the effective consumption.

RESULTS AND DISCUSSION

Throughout this article, we have shown the
importance of combining the three compartments (heating,
cooling and lighting) in order to correctly estimate the
electricity consumption in the greenhouse and then choose
the most efficient form and covering material.

By limiting our work to the study of the heating
system, we would have found that the most efficient form is
the uneven span shape equipped with the M02 material
whereas, in reality, the M03 material is the most efficient
covering material. Such an error would have resulted in an
over-consumption of 4.9%.

By limiting our work to the study of the cooling
system, we would have found that the most efficient form is
the Even span shape equipped with the MO03 material
whereas, in reality, the Uneven span is the most efficient
shape. Such an error would have resulted in an over-
consumption of 5.5%.

By limiting our work to the study of the lighting
system, we would have found that the most efficient form is
the rectangular shape equipped with the MO02 material
whereas, in reality, the Uneven span is the most efficient
shape equipped with MO03. Such an error would have
resulted in an over-consumption of 11%.

CONCLUSIONS

Throughout this research, we have shown that the
energy consumption can only reveal its optimum values if
all the main determinants, which have a direct effect on the
fundamental process of greenhouse cultivation, are
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considered. The conclusions of this study are as follows:

- The energy consumption of a greenhouse could be
optimised by adopting an uneven shape.

- The energy consumption could be improved
significantly by using the appropriate M3 polyethylene as a
greenhouse cover.

- The BGHMC model has proven to be accurate and
reliable, compared to the traditional classical model; it has
lead us to have a better accuracy (51.48%) and a better error
rate, compared to the actual measured consumption of 12%.

Based on the above findings we can conclude that
the best compromise between the choice of greenhouse
shapes and covering materials, for efficient energy
consumption, is essentially based on the calculation of the
overall energy consumption, taking into account the
consumption of heating, cooling and lighting.
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