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Abstract

This paper describes a method of modelling the performance of greenhouses. The method was
developed to assist in the design of low energy protected cropping structures to be used in the
inland climates of Tunisia.

To facilitate the modelling procedure, a greenhouse is considered to be composed of a number
of separate but interactive components. These are the cover, floor, growing medium, air space
and crop. A particular feature is the use of a tomato crop model which responds to
photosynthetically active radiation, leaf temperature and CO> level. Integrating biological
parameters into simulation can improve understanding of the complex interactions between
climate, plants, and overall greenhouse performance.

Field tests were conducted to test diurnal variations of temperature, relative humidity, and solar
radiation and to analyze the microclimate characteristics in a ventilated chapel-shaped
greenhouse. Design criteria were that the greenhouses shouldn't use any amount of conventional
energy for heating.

This study provides a reference for further research to reduce energy consumption and achieve
a favorable greenhouse microclimate, leading to higher product quality, improved yield and
shorter cultivation time in chapel-shaped greenhouses.

The paper presents details of the mathematical models of each component and lists the
assumptions used with each. The simulated performance of the greenhouse in winter is
presented and an analysis of the simulated crop yields, energy flows and temperatures indicates
that the model is simulating the expected trends in greenhouses.

Keywords: TRNSYS; chapel-shaped style solar greenhouse; energy; solar radiation,
evapotranspiration

Symbols Definition Unit

Ci : Thermal capacity of indoor air JKg'K!

V: Mass air flow (by ventilation, infiltration) Kg h™

P air : Air density Kg.m™

h : Convective heat transfer coefficient W.m?2 K"

€s,0 . Long wavelength emissivity of the exterior surface (¢ = 0.9 for walls; value read from the
window library)
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o :Stephan-Boltzmann constant w.m” K*

fsky: Fraction of the sky seen from the exterior surface (we take the value 0.5 for vertical surfaces
and value 1 for horizontal surfaces)

L : Specific latent heat of vaporization of water J Kg
Wg,,- : Water vapor flow evaporated by the plant cover Kg's™

Ap : Leaf surface m’

W*p : Saturating specific humidity of air at temperature of the plant Kg H20/Kg of dry air
Wa : Ambient air humidity

1ap - Total resistance to water transfer s m™

ra :Aerodynamic resistance s m’

1p : Stomatal resistance s m’’

At : Simulation time interval s

m :Air flow Kgs™

K: Relative to user-defined time base

gs,i, - Heat flow by conduction towards the internal wall surface W
N : Air renewal rate h™'

max : Maximum

min: Minimum

LAI: Leaf area index

As : Conductivity W m™ K™

p s Density Kg m™

G : solar radiation W m™

U: Wind speed ms™
RH : Relative humidity %
T:  Temperature °C

NT: Night temperature  °C

DT: Daytime temperature °C

Tai: Indoor air temperature °C

Tp Plant temperature °C

ET :Evapotranspiration of the plant mg.m™s™

Q : Heat Heating requirement ~ MJ
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1. Introduction:

Climate change is one of the most challenging problems of the modern world. Regarding
climate change issues which coincided with rising of several environmental threats the
challenge to sustainable development is becoming more and more important worldwide. The
pressure put on the environment through unsustainable conducts by modern agricultural
techniques (Das, 2014) will distinctly possible exacerbate because of global population growth
and climate change, which is in need of more efficient agricultural systems in terms of time and
quantity. Rapid population growth and the desire for a better quality of life are among the factors
leading to increased demand for many products. This leads to economy’s growth but have a
drastic impact on environment resource resulting from this excessive utilization as mentioned
by (Nathaniel, 2020) who proved that along with increasing human consumption, climate
change is increasing the vulnerability of societies and intensifying the scarcity of ecological
resources. Moreover, worldwide, researchers contend that climate change and environmental
problems are due to inadequate natural resource management. According to I. Khan et al.
(2022), especially in the wake of the pandemic a surging demand for production and
industrialization exacerbated resource depletion for energy production which deeply concerns
among global economists. However, in the later stages of economic development, along with
improving the quality of human life, nations think about the degrading environment and seek
energy-efficient and environmentally friendly resources (Zafar et al., 2019). As different
economies address issues of climate change and energy security in their roadmaps, previous
research paves the way for energy efficiency (Zhang et al., 2022).

Therefore, energy efficiency improvements used to be increased speed and seriously (Sinha et
al., 2020, Sinha et al., 2017). Alongside energy efficiency, renewable energies are the main
elements enabling global energy transformations. Moreover, in the last stages of economic
development, with the improvement of the quality of human life, nations have finally thought
about the deterioration of natural environmental resources and are looking for energy-saving
and environmentally friendly resources environment (Zafar et al., 2019). Natural resources,
once seen primarily as tools of production and industrialization, have become symbols of
power, domination, and diplomatic leverage for nations blessed with such resources. The
critical input in a production process is energy, but the literature only focuses on overall
production efficiency rather than energy efficiency until Hu and Wang (2006), who propose the
idea of total-factor energy efficiency.

Among the disaggregated efficiencies proposed by Hu and Wang (2006), there is energy
efficiency. Luthra et al. (2022) study the links between the circular economy, the valorization
of natural resources, the efficiency of material resources and energy efficiency. Especially
emerging economies which benefit from their practical observations and policy
recommendations.

Energy efficiency is heralded as a crucial aspect of sustainable development, representing the
utilization of the same amount of energy while minimizing wasteful practices to reduce
consumption through technological advances. According to Siano (2014), improving energy
efficiency plays a crucial role in reducing energy consumption. Energy environmental
sustainability embodies the transformation of energy system of country to extenuate potential
climate change harms and environmental damage. But there is a contradiction between higher
demand of fossil energy and exacerbating climate change (Pan et al., 2023; Mao et al., 2023).
To relieve the hard disagreement, the move to clean energy focusing low environmental load is
crucial (Yang and Wang, 2022; Lin and Li, 2022).

© Copyright 2024
ISSN: 2961-6603



VO RBEEWAWEZYE International Journal of Renewable Energy and Sustainability (RES)

The availability of natural resources and its accessibility, enclosing renewable energy, fossil
fuels, and biomass, play a key role in enhancing economic sustainability.

Forest resources, which provide biomass energy are an essential component of energy
efficiency, but mineral resources, including renewable energy sources, facilitate the
development of supporting technologies, which are part integral to realize sustainable energy
efficiency.

According to (Guo et al., 2020), the optimal design of solar greenhouses can reduce
environmental impact, which can increase land use efficiency and reduce water use and
pesticides at the same time.

As the world’s largest energy producer and carbon emitter, the total energy consumption of
China has maintained a substantial growth (Liu et al., 2022).

Currently, agricultural greenhouses are among the most energy-intensive sectors. As a result,
the cost and environmental sustainability of greenhouse production are largely driven by the
demand for fuels and electricity to meet the heat needs of greenhouses, especially in
applications located in cold climates. It is the well-being of crops which results in high control
of the indoor microclimate which consumes a lot of energy. Thus, to increase plant growth,
specific values of indoor air temperature, relative humidity and CO; concentration are necessary
(Yohannes and Fath, 2013).

Water absorption and transpiration play a crucial role in the development of horticultural crops
while ensuring the transport of nutrients to plant organs. There is also an interaction between
moisture and photosynthesis and dry matter production, affecting either leaf surface
development or stomatal conductance. Thus, integrating biological parameters into simulation
can improve understanding of the complex interactions between climate, plants, and overall
greenhouse performance. Tiwari (1984) examined the influence of different parameters and also
studied the effects of the temperature of a mobile insulation system on the air and plants in the
greenhouse.

TRNSYS is a program with discretization functionalities (Yu et al., 2016). TRANSSOLAR
Energietechnik (Henshaw, 2016) calls the thermal point of TRNSYS an “air node”. Simulating
multiple aerial node zones is a refined modeling capability. TRNSYS, a software developed by
the University of Wisconsin Solar Energy Laboratory, stands for Transient System Simulation
and is among the most popular software for greenhouse simulation (Semple et al., 2017). The
major advantage of using TRNSYS is that its prediction is more precise. It also allows the
simulation of several thermal nodes.

Evapotranspiration from crops in a greenhouse has been proved to affect the energy balance of
the greenhouse (Ahamed et al., 2018) as well as the temperature difference between the crop
and the immediate ambient air (Attar et al., 2013). Therefore, researchers thought about
integrating different crop models into building energy simulation (BES) models as energy gain
or loss.

Modeling greenhouse thermal environments using construction software is relatively
complicated compared to traditional buildings owing to the dynamic nature of plants through
photosynthesis and transpiration. Furthermore, environmental control systems as well as
suggested operating practices in greenhouses are very diverse to maintain optimal internal
microclimates for several plants which includes temperature, relative humidity, CO2 and light.
Previous thermal modeling of the greenhouse environment using building simulation software
has not considered the plants in the greenhouse (Ha et al., 2015; Henshaw, 2016; Deiana et al.,
2014) or assumed that evapotranspiration is constant in greenhouses (Vadiee et al., 2013,
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Semple et al., 2017; Semple et al., 2016). These assumptions likely lead to significant errors in
the simulation since the sources of heat and humidity in productive greenhouses are dynamic
and extremely dependent on plant conditions and solar radiation (Shamim et al., 2020).

In this context, our paper denotes energy efficiency in an agricultural greenhouse. This study
examines the biological parameters linked to the well-being of plants through a simulation using
the TRNSYS software. The document presents a simulated performances of a thermally
insulated agricultural greenhouse grown with plants. The plant cover is not a passive element
within the greenhouse; it participates in the exchanges of energy (gain on the plant cover) and
mass (gain on the air inside the greenhouse). It can therefore modify the energy and water vapor
balances and consequently the indoor climate (temperature and humidity of the indoor air).
Different climatic and biological parameters are presented and an analysis of simulated crop
yields, energy flow and temperatures indicate that the model simulates expected trends in
greenhouses

In this work, we are interested in characterizing the functioning of the complex system that
constitutes a passive solar greenhouse with its different compartments (floor, cover, culture,
wall, interior and exterior environments), by developing a model on TRNSY'S which makes it
possible to reproduce the essential properties, mechanisms and interactions between the
different compartments and to approach quantitatively and qualitatively the analysis of its
thermo-energetic behavior.

II. Material and Method

TRNSYS is considered for this study because it is a widely used. TRNSYS is a simulation tool
which has a wide range of models which cover both the building and the technical and
regulation equipment. TRNSY'S also has a mechanism for the user to add their own component
models. This is what has made it popular with the research community and design offices
specializing in the search for innovative solutions, particularly in terms of the integration of
technical equipment (multi-source/multi-energy system) and renewable energies. TRNSYS
therefore constitutes a dynamic building simulation platform.

For the greenhouse, such a research platform in the field of renewable energies and climate
control in the greenhouse constitutes a valuable tool allowing us to move towards optimization
of energy consumption while improving the quality and quantity of production. To date, such a
platform has not yet been developed. The objective of this work is to study the possibilities of
modeling the greenhouse on TRNSYS in order to take advantage of this dynamic simulation
environment.

1. Description of the chapel greenhouse with vegetation modeling using TRNSYS

The TRNSYS simulation model for the chapel greenhouse with vegetation consists of many
components, including weather data, solar radiation, and multizone building components, as
well as control systems.

Thermal transfers within the greenhouse are treated using the “Type56” component from
TRNSYS, designed for buildings. Type 56 is of particular importance because it is an open
component of TRNSY'S, which allows multiple possibilities. Type 56 is a “non-geometric”
balance model, which assigns a node to each zone. Several heat flows come into play in
balancing the thermal load of a building. These flows depend on the architecture of the room
(wall, floor, window, etc.), weather conditions (solar radiation, ambient air temperature, wind
speed, atmospheric pressure, humidity, etc.), occupants and auxiliary equipment.
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The greenhouse presents a thermal behavior quite different from residential buildings, due to
its particular characteristics:

- A lightweight structure supporting a transparent envelope with low inertia which transmits a
large part of solar radiation.

- A culture which captures the majority of this radiation and transforms it largely into latent heat
of vaporization (plant transpiration) and sensible heat. It therefore participates in energy and
mass exchanges.

- A ground which absorbs incident radiation and transforms part of it into latent heat.

- The ground constitutes most of the thermal mass of the greenhouse, unlike buildings where
the walls and roof are the predominant storage elements.

- The greenhouse is characterized by the importance of heat transfer phenomena by radiation,
by conduction, by convection and by leakage.

A schematic layout of the developed model is presented in Fig 1.
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Fig. 1: TRNSYS graphical interface containing the simulation diagram /Components of the
TRNSYS heating simulation model for a chapel greenhouse with vegetation.

2. Greenhouse building parameters

The greenhouse that we propose to study is a solar greenhouse with a sloping roof. Its north
face is made up of a wall of length L= 12.5 m; its height is h = 3 m. Its design has an effect on
the inner microclimate, in particular the south wall strongly influences the use of solar energy.

The greenhouse is represented as a system made up of four distinct parts: the cover separating
the interior from the exterior, the interior air, the vegetation and the soil. These environments
are the site of heat and mass exchanges summarized in Fig 2.
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Fig 2: Side view of a typical solar greenhouse with dimensions in meters

The south roof is a thin transparent surface made of plexiglass which transmits solar rays into
the interior of the greenhouse during the day.

The north wall is a sandwich panel. The height, thickness and composition of the north wall all
affect the amount of solar energy stored in the wall during the day.

At night, an automatic shutter is removed over the south roof to keep the heat inside. The shape
and angle of the south roof influence the reflection and transmission of solar insolation and the
amount of solar energy absorbed inside the greenhouse. Thus, they represent the most important
cross-sectional parameters.

The main function of the south wall apart from the load bearing is its ability to absorb solar
energy during the day and release heat to the inside during the night to conserve the energy
inside the greenhouse.

The north roof is a non-transparent roof made of light materials, such as sandwich panels
knowing that a longer north roof improves the energy conservation when the span and height
are kept constant (Tong et al, 2013). However, a longer north roof also increases the shading
below the north roof when the sun is high in the sky. Practically, the length of the north roof
horizontal projection is used instead of the length of the north roof during the design and
construction. When the length of the north roof horizontal projection is kept constant, changes
in the north roof angle change the amount of solar insolation intercepted by the north roof, the
north wall and the soil surface.

The energy analysis presented in this section is primarily based on the first law of
thermodynamics. The theoretical model used for the study of the greenhouse consists of using
a thermal energy balance during the plant growth phases.
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Table 1: Characteristics of the sandwich panel wall used in modeling of the solar greenhouse

using TRNSYS.
Kind Layers Thikness Resistance Conductivity Capacity Density
(m) (hm’K/KJ) | (J/hmK) (KJ/KgK) (Kg/m3)
Sandwich
Panel Galvanized sheet 0.007 52 0.1 0.1
1.21
Poly-Exp 0.040 0.141 1.38 25
Polyurethane 0.100 0.108 0.837 35

a. The indoor air

The indoor air, treated in a single homogeneous block (zone 1), is characterized by its
temperature (T1) and its specific humidity (wi) It is the seat of the following exchanges:

-The exchange of sensible heat, inside the greenhouse, by convection, with the roof, the plant
cover and the ground represented by Qsurf,i;

-Sensible heat exchanges by air infiltration, represented by Qint,i ;
-Sensible heat exchanges by ventilation, represented by Qvent,i ;

the internal convective exchanges represented by. Qg,,i. This heat flow is planned by TRNSY'S
to take into account convective exchanges due to occupants, equipment, lighting, radiators,
etc....

The energy balance of indoor air is written:
ar;

i dt Q surf,i + Q inf,i + Q vent,i + Q g,c,i (1)
with
Qinf,i = Pair-Cp. Vint. (Tv-T) (2)
Qvent, i= pair-cp-vvent- (TV'Ti) (3)
Qge,i=0 4)

Where V: represents the mass flow of air (by ventilation, infiltration)
Tv: the temperature of the ventilated air
Ti: the temperature of the air node of the zone
Cp: specific heat capacity
Pair: air density
b. The cover

The roof of the greenhouse is treated in six homogeneous blocks (six exterior walls; North,
South, East, west, and north and south roof) The architectural design of the roofing was chosen
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so that the south wall and the south roof receive the maximum visible radiation during the
winter and the minimum during the spring and summer.

External faces of the cover are the site of the following exchanges:

*heat exchanges by conduction, represented by s, o ;

*long-wave radiative exchanges with the outside world represented by qr;s.0 ;
*radiative exchanges of short wavelengths represented by Ss, o ;

*exchanges of sensible heat, by convection, with the outside air represented by qc,0 3;

*The combined heat flow exchanged by convection and radiation geomb,s,0 With external surfaces
is written as:

(comb,s,0 = qc,s,o+ qr,s,0 (5)
With:
(c,s, 0= hconv, s,0 (Ta, s Ts, o) (6)
Jr,s,0=0 Ss,0 (T4s, o-— T4fsky) (7)
Tfsky = (l'fsky) Ta, s +fsky Tsky (8)
where

heony, 5,0 : Coefficient of heat transfer by convection at the exterior surface.

Tas :: outside air temperature

Ts, : temperature of the external surface of the wall

Ss,0 - long-wavelength emissivity of the exterior surface (¢ = 0.9 for walls; value
read from the windows library)

o: Stephan-Boltzmann constant

Tty fictitious temperature of the sky

fsky: Fraction of the sky seen by the exterior surface (we take the value 0.5 for vertical surfaces
and value 1 for horizontal surfaces)

Tsky: sky temperature
The energy balance at the level of the external surfaces of the roof is written:
Js, 0 = eomb, s, 0+ Ss, 0 9)
The internal faces of the cover are:
- heat exchanges by conduction, represented by (s, i ;
- long-wave radiative exchanges with the plant cover and the soil represented by qrs;i ;

- the radiative exchanges of short wavelengths represented by S, ;

- the exchanges of sensible heat, by convection, with the indoor air represented by qcs;; ;

- supplemental internal exchanges, represented by qsupl. This additional heat flow is provided
by TRNSYS to model floor heating and roof cooling panels, etc....
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The combined heat flow exchanged by convection and radiation with the internal surface is

written:
Jcomb,s,i = Je.s,i T Qrs,i (10)
The energy balance at the level of the internal surfaces is then written:
Qs,i = qcomb, s, i T Ss,i + qsupl (11)
With
Qsupl=0

¢. The plant cover

Shamim et al. (2020) announced that the heat capacity of the zone must be simulated in the
presence of plants. However, the crop density (weight of plant mass per unit of floor space) in
the greenhouse can be significantly different from the planting time until maturity. Therefore,
since it is impossible to change the heat capacity throughout the year, Semple et al. (2017) used
a constant crop density of 6.0 kg m™ and assumed that the thermal properties of crops are similar
to those of water.

The plant cover, treated in a single homogeneous block, can be considered as an internal wall,
with opaque surfaces. It is assumed that the thermal inertia of the plant cover is negligible. The
state variable that characterizes the plant cover is the temperature of the leaves (T}). The plant
cover is the seat of the following exchanges:

- heat exchanges through the plant cover by conduction, represented by (s, ; ;
- long-wave radiative exchanges with the cover and the ground represented by qss;i ;

- the radiative exchanges of short wavelengths represented by S, ;

- the exchanges of sensible heat, by convection, with the indoor air represented by qcs;; ;

- latent heat exchanges by evapotranspiration, represented-by. qsupl This additional heat flow is
provided by TRNSYS to model the heating of the floor and the cooling panels on the roof,
etc.... We use this flow to model the evapotranspiration of plants.

The energy balance at the plant cover level is then written:

Js,i = Jcomb, s,i T Ss,i + (supl

The latent heat flows exchanged by convection between the indoor air and the plant cover are
written as:

Qsupl = LW i (12)
where
L: the specific latent heat of vaporization of water (J kg'l),

W4, :the flow of water vapor evaporated by the plant cover (kg s
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The transpiration flow of the plant cover is given by the following equation (Penman, 1948)
[68]:

5

Wy=ApCo ) (13)

ap
Where

Ap: leaf surface

W',: the specific saturating humidity of the air at the temperature of the plant
Wa: humidity of the ambient air

rap 1S the total resistance to water transfer

. o p. Cp .
Iap 1 the sum of the aerodynamic resistance: 7, = % , and a stomatal resistance, tp.

ap

For modeling stomatal resistance, we use the multiplicative model of JARVIS (1976) [69],
which was subsequently taken up by Stanghellini (1987) and Stanghellini and de Jong (1995).
This model is of the form:

=t £()f(T) f3(W* W) (14)

min

Where rmin is the minimum stomatal resistance obtained under optimal climatic conditions (82
sm'l) on a tomato cover; fl, f2 and {3 are three mathematical functions which represent the
evolution of stomatal resistance as a function of the climatic variables considered and I is the
average of the short wavelength radiation arriving at the vegetation level.

L asofern voss] e - p
rp = rmin| Is + 0,54 ?@31;,—+—27—J 4 .]0_3 +e 0,73 W, W) }4 (15)
d. The soil

The ground, treated as a single homogeneous block, can be considered as a wall, with opaque
surfaces, with known boundary conditions. The state variable which characterizes the soil is the
temperature of the air-soil interface, Ts.

The energy balance at ground level is written:

(s,i = {comb, s, i + Ss,i + (supl
Wlth qsupl =0;

The soil boundary condition is the deep soil temperature. It is determined by Type 77.

This subroutine calculates the ground temperature at a given depth using the formula from
Kasuda (1965):

T=Tmean —Tamp*exp [_depth *(L) 0'5] *cos {2_7[ *[tnow—tshift_ *( Si) 05 ]}
365a 365 2 na

depth
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T (°C): temperature
Tmean (°C): annual average ground surface temperature (mean air temperature).

Tamp (°C): amplitude of the ground temperature (maximum air temperature minus the minimum
air temperature).

depth (m): depth below the ground surface (taken in our example at 0.62 m)

o (m*/day): the thermal diffusivity of the soil

thow (day): current day of the year

t shit (day): day of the year corresponding to the minimum surface temperature
Tinitial (°C): initial temperature

3. Balance sheet equations
a. Thermal balance (unheated greenhouse):

The energy balance of indoor air is written:

dT;
dt Q
With

Qi: Q surf,i + Q infi + Q vent,i + Qg,c,i (16)

where Qsurf,i is the convective gain from surfaces; Qinf,i is the infiltration gain; Qven,i is the
ventilation gain; Qcg,i is the internal convective gain (people, equipment, illumination,
radiators, etc.);

b. Water balance

The indoor air (under the greenhouse) is also the site of water vapor exchanges by condensation
on the internal faces of the cover, by evapotranspiration from the plants, by evaporation on the
surface of the soil and by air renewal. Neglecting the effect of condensation on the internal
surface of the roof and by evaporation on the surface of the ground, the mass balance of the
indoor air is written:

M (eff)) (do 1)/dt=m" infl(®0 a—® 1)+m" v(o (v)—o i)+W (gi)
With

Meff,i = Ratio Mair,i

Or

Meft,i: effective water capacity of indoor air

Mair,i: indoor air mass

Ratio: multiplication factor, between 1 and 10

m infl: air flow due to leaks (kg s-1)

m Vv: air flow due to forced ventilation (kg s-1)

o a: specific humidity of ambient (outdoor) air (kg of water/kg of dry air)
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o 1: specific humidity of indoor air (kg of water/kg of dry air)
o v: specific humidity of the air exchanged by ventilation (kg of water/kg of dry air)

Wg,i: internal humidity gains. We use this additional (additional) mass flux, predicted by
TRNSYS, to take into account the effect of the flow of water vapor evaporated by the plant
cover on the indoor climate.

Type 56 calculates the water balance, in parallel with the sensible energy balance. In order to
simplify the solution of the simultaneous set of equations, the value of ® at the end of the
previous time step is used in the expression above.

Evapotranspiration (ET) of plants in greenhouses plays a crucial role in the energy balance of
greenhouse microclimates. Knowing that evaporation and transpiration occur simultaneously
and it is very difficult to isolate these two processes; therefore, it is a combined phenomenon
which is evapotranspiration. The moisture produced by evapotranspiration depends on various
factors, including solar radiation, vapor pressure deficit, air velocity, plant types as well as
cross-cultural practices in greenhouses. Katsoulas and Kittas (2011) showed that among these
factors, solar radiation is highly correlated with moisture production in greenhouses, and
daytime crop transpiration is high relative to growth medium evaporation. However, it is almost
impossible to model the real transient scenario of humidity production in greenhouses using
TRNSYS. So, evapotranspiration in greenhouses is modeled by adhering an internal humidity
gain with a planning type manager.

I11. Results:
1. Outdoor climate
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Fig 3: Outdoor air temperature variation curves and permissible temperature limits for tomato
growing depending on the months of the year.

We represent in figure 3 the ambient temperature outside, the minimum nighttime
(NTmin=12°C for tomatoes) and daytime (DTmin=18°C) temperatures required by the plant,
depending on the months of the year. We note that a temperature difference between day and
night (DTmin - NTmin) of about 6°C is essential to ensure good initiation and flowers
formation. We note that during the months of May, June, July, August, September and October,
the temperatures are favorable for good growth of the plant.
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Fig 4: Relative humidity variation curves depending on the months of the year.

Figure 4 shows the curves of outside relative humidity as a function of the months of the year
as well as the maximum admissible humidity for the plant. We note that during the same period
from May to October, the relative humidity of the outside air (less than 90%) is favorable for
good growth of the plant.

Large spatial differences of air temperature and other micro-meteorological parameters would
affect the physiological responses of numerous plants including the transpiration process and
thermal time of phenological responses in the flowering and maturity stage (Savage, 2014).

In figure 5, we represent the wind speed as a function of the months of the year. We found that
the wind intensity is uniformly distributed throughout the year and that the wind speed varies
on average between 2 m/s (minimum average) and 8 m/s (maximum average).

229 Wind speed

20 -

15 o

U({ m/s)

10

WYY

Months

D

Fig 5: Wind speed variation curves depending on the months of the year.

Figure 6 represents the direct solar radiation (daytime maximums) reaching the four main
surfaces of the greenhouse (north and south wall, north and south roof) as a function month of
the year. We found that the south roof and south wall receive the greatest amount of solar
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radiation. Solar radiation enters the greenhouse through the north wall and the north roof only
during the warm period of the year (April, May, June, July and August). We were therefore
interested in choosing opaque and thermally insulated surfaces for these walls (north wall and
roof) in order to reduce overheating of the greenhouse during the summer and thermal losses
during the winter.

External radiation

—4— Gmax south wall
11 —s— Gmax south roof

{ —

Glw/m?)

Fig 6: Curves of direct solar radiation (daytime maximums) reaching the main surfaces of the
greenhouse (south wall, south roof) depending on the months of the year.

Figure 7 shows the temperature variation curves (daytime maximums and nighttime minimums
respectively) of the different components of the greenhouse, depending on the months of the
year.

During the day, the temperature of the plant cover is the highest; it is this which causes the rise
in air temperature. It presents notable differences with that of indoor air. The average
differences between the maximum daytime temperatures of the plant cover and those of the
indoor air vary from 7°C (cold period of the year) to 10°C (hot period of the year).

At night, the ground surface temperature is highest; the temperature of the plant cover and that
of the indoor air evolve in the same way.

Incident solar radiation gradually decreased from 1.5 m to 0 m, suggesting that lower solar
radiation was obtained when closer to the floor and vice versa, because lush foliage blocks the
ground to receive more sunlight (li and Zhang, 2017).
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Fig 7: Daytime maximum (a) and nighttime minimum (b) temperature variation curves of the
different components of the greenhouse, depending on the months of the year.

2. Plant evapotranspiration:

According to Baglivo et al. (2020) in the study considering the growth of the chrysanthemum,
the evapotranspiration produced by the plant influences the simulation.

Figure 8 shows the variation curve of the mass flux densities exchanged by evapotranspiration
as a function of time. We see that this curve takes the same shape as that of sunshine. The peaks
of this curve (daily maximums) vary depending on the greenhouse climate. Strangellini, 1995
experimentally determined evapotranspiration in greenhouses. He found a similar curve (of the
same shape) with peaks of around 80 (mg/m?s).

160

140 \ Plants’ evapotranspiration
120
100

80

Evapotranspiration (mg/m?s)

Time (days)

Fig 8: Curves of variation of mass flux densities exchanged by evapotranspiration as a
function of time (January 1-15)

Figure 9a shows the maximum daily evapotranspiration as a function of the days of the year.
We note that the evapotranspiration of plants during the months May, June, July, August,
September is much higher than that during the rest of the year (895mg/m?s). This can be
explained by the fact that the temperature during these months (May, June, July, August,
September) is very high, so the plant's water needs will increase exponentially. This can cause
water stress for the plant.
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Fig 9: Maximum daily evapotranspiration curve (a) and the daily water requirements of the
crop (tomato), compared to the unit surface area of the leaves (b).

Katsoulas (2002) indicates that reducing incoming solar radiation in the greenhouse resulted in
a canopy vapour air pressure deficit. He also notes that during the period without shading, the
canopy air vapour pressure deficit was high; however, shading the greenhouse led to the crop
experiencing no heat or water stress. Consequently, the same author mentions that shading the
greenhouse resulted in lower crop temperatures and increased crop stomatal conductance and
transpiration rate. Finally, several researchers stipulate that greenhouse shading is a source of a
decrease in temperature and transpiration rate (Boulard et al., 1991; Abreu and Meneses 2000;
Dayan et al., 2000; Fernandez-Rodriguez et al., 2000) and crop production (Sellami et al.,
2018).

In the figure 9b the daily water requirements of the crop (tomato) are represented, compared to

the unit surface area of leaves. This curve has the same shape as the previous one. The thermal

environment of the plant (infrared radiation) has a significant effect on its water consumption.
3. Influence of leaf area index

a. Air temperature

Figure 10 represents the variation curves of indoor air temperature (daytime maximums and
nighttime minimums) for a bare greenhouse without vegetation (LAI=0) and a greenhouse
cultivated with different leaf indices (LAI=2, 4 and 6) depending on the months of the year.

During the day, the air temperature in the greenhouse increases with the leaf area index. The
more developed the culture (LAI is larger), the higher the indoor air temperature. The plant, in
the greenhouse, plays the role of a heat absorber. In fact, the plant absorbs solar energy and
diffuses the absorbed heat through infrared radiation and convection. This has the effect of
increasing the air temperature. The more external cells of the leaf will transmit the excess
kinetic energy to the ambient air. This effect reduces its temperature and increases that of the
air. Subsequently, the boundary layer which accumulates this energy can increase or decrease
the energy transfer depending on its resistance (Erik Runkle, 2016). High resistance decreases
heat transfer because the energy flow of the masses keeps the heat of the leaf around it when
there is little air change in the boundary layer and the foliage is of large area. Low resistance,
on the contrary, increases heat transfer. The energy flow of the masses involved will be lower
due to the large air changes of the boundary layer and the small surface area of the leaves.

The process of energy transfer and temperature regulation in plant leaves involves the
mesophyll cells, which play a crucial role in photosynthesis and managing heat within the leaf.
The palisade parenchyma and spongy parenchyma within the leaf structure facilitate the
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exchange of gases and help in dissipating excess heat to the surrounding environment
(Vogelmann and Martin, 2006).

The increase of the inside leaf temperature activates the transpiration mechanism. The release
of water from the leaf surface causes the phenomenon of evaporation which transfers energy
from the liquid medium to a gaseous medium with the aim of reducing the internal temperature
of the leaf.

Plant transpiration increases with temperature. Above 30°C, the stomata close and
photosynthesis decreases. From 45°C, it is completely inhibited. Gounaris et al. (1983) showed
that above 50°C, there is a disruption in the protein-lipid interactions of membranes. Thermal
stress first damages membranes, then tissues, and induces cell contraction/expansion.

In response to high temperature, some plants, such as peas, increase the lipid concentration of
the membrane, and can then continue to photosynthesize.

At night, the indoor air temperature variation curves, for different leaf indices, are combined.
The presence of greenhouse cultivation has no effect on air temperature.

Air Temperature e Tai max (LAI=0) Air Temperature —*=Tai min{LAI=0)
= (Daytime maximums) —a— Tai max(LAI=2) 1 (Nighttime minimums) —— Tai min (LAI=2)

—»— Tai max(LAI=4)

w
w

—a—Tai min (LAI=4)
—a—Tai min (LAI=6)

w
=1

—a— Tai max(LAI=6)

Temperature (°C)
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w o w

=
=}

Temperature (°C)
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Fig10: Indoor air temperature variation curves (daytime maximum) (a) and nighttime minimum
(b) for an uncultivated greenhouse (LAI=0) and a cultivated greenhouse (LAI=2, 4 and 6) as a
function of the months of the year.

b. Relative humidity

Figure 11 represents the relative humidity variation curves (nocturnal maximums and daytime
minimums) for different leaf indices (LAI=0, 2, 4 and 6) as a function of the months of the year.
At night, the variation curves of the relative humidity of the indoor air, for LAI=2, 4 and 6, are
combined. The relative humidity of a greenhouse without vegetation (LAI=0) is slightly higher
than that of a cultivated greenhouse. The average differences between the relative humidity of
a bare greenhouse and a cultivated greenhouse vary from 3% (cold time of year) to 8% (hot
time of year). Plant size (leaf area) has no effect on relative air humidity.

During the day, the relative humidity of the air in the greenhouse decreases with the leaf area
index. The more developed the canopy (larger LAI), the lower the relative humidity. This is
essentially due to the increase in indoor air temperature depending on the leaf area index which
determines a decrease in relative humidity.
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Fig 11: maximum nighttime (a) and minimum daytime (b) relative humidity variation curves
(for an uncultivated greenhouse (LAI=0) and a cultivated greenhouse (LAI=2, 4 and 6) as a
function of the months of the year.

c. Plant temperature

In figure 12, the variation curves of the plant temperature (daytime maximums and nighttime
minimums respectively) are represented for different leaf indices (LAI=2, 4 and 6) as a function
of the months of the year. We see that the temperature fluctuations of the plant exhibit the same
behavior as that of the air temperature. Indeed, during the day, the plant temperature increases
with the leaf area index. The more the plant cover is developed (LAI is greater), the higher the
plant temperature. At night, the plant cover temperature curves are confused with that of the
indoor air. The effect of the presence of culture is negligible. There is no difference between the
nighttime temperatures of a well-grown or less-grown crop and the air inside the glass
greenhouse. Also, there is no difference between the temperature of a cultivated greenhouse and
a greenhouse without vegetation.

%0 (;11’:;;?:::‘[]‘::) ——Tp max(LAI=2) Plant Temperature —o—Tp min{LA1=2)
=e=lmmen{lara) 35 (Nocturnal minimums) ——Tp min(LAI=4)
—=—Tp max{LAI=6) —#—Tp min (LAI=6)
70 —e—Tai max (LAI=2) 30 Tai min (LAI=0)

—=—Tai max (LAI=0) 1 p —+—Tai min (LAI=2)
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Fig 12: Air and plant (Tomato) temperature variation curves (diurnal maximums) (a) and
(nighttime minimums) (b) for different leaf indices (LAI=0, 2, 4 and 6) depending on the
months of the year.
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d. Water requirements of plants

In the figure 13, the monthly water requirements of the crop (tomato) are represented, related
to the leaf surface unit, for different leaf indices (LAI=2, 4 and 6), depending on the months of
the year. We see that the water needs of plants during the months of May, June, July, August
and September are much higher than those during the other months (cold period of the year).
There is no notable difference between the water requirements of plants relative to the unit
surface area of leaves for different leaf indexes (LAI=2, 4 and 6). The slight difference existing
is mainly due to the slight difference existing in the temperature of the air and the plant.
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Fig 13: The monthly water requirements of the crop (tomato), related to the unit surface area
of leaves, for different leaf area indices (LAI=2, 4 and 6), depending on the months of the year.

As the greenhouse design parameters gradually improved, vegetables were produced in the
greenhouse without additional heating during the winter, with temperature differences of 21
°C—25 °C between the inside and outside in areas from 32°N to 41°N in Tunisia.

In order to provide the best indoor air quality to maximize the plant production with minimum
consumption of energy, the desiccant cooling system seems to be the most promising system in
hot and humid climate.

e. Heating requirement
2500

Heating demand (MJ)

HQHEAT (LAI=0)
2000 1 1 QHEAT(LAI=2)
HQHEAT (LAI=4)

1500 - B QHEAT(LAI=6)
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1000 A

500 A

Months
Fig 14: The monthly heating requirements of the crop (tomato), for different leaf indices
(LAI=2, 4.6), depending on the months of the year.

In figure 14, the heating needs of the greenhouse are represented, for different leaf indices
(LAI=2, 4 and 6), depending on the months of the year. We note that heating needs increase
with leaf area index. The more developed the crop (LAI is larger), the higher the heating
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requirements. At night, the plant, in the greenhouse, plays the role of a heat diffuser. In fact, the
plant absorbs the energy coming from the heating system and diffuses the absorbed heat by
infrared radiation towards the walls of the greenhouse which are made of glass. The more
developed the culture (LAI is greater), the more important the exchanges are. This has the effect
of increasing heating needs.

4. Improvement of the greenhouse climate

Although the solar greenhouse, studied above, is made of glass, its performance is not
satisfactory. In fact, the average differences between nighttime temperatures inside and outside
the greenhouse, during the cold period of the year, do not exceed 2°C. During the months of
December, January, February and March, night temperatures are lower than the temperature
TN min=12°C required by the plant. The relative humidity of indoor air, during the day, reaches
excessively low values (less than 25%). For nine months out of twelve (March to November)
daytime temperatures exceed the overheating temperature. Heating the greenhouse during the
winter requires a fairly significant amount of energy, around 4600 MJ. In this paragraph we
propose to improve the thermo-energetic performance of the greenhouse by thermally
insulating, initially, the north wall and the north roof in order to reduce the overheating of the
greenhouse during the summer and the thermal losses during the winter. Next, we study the
effect of the introduction of heat shields on the microclimate. It is therefore a question of
studying two other types of greenhouses: a glass greenhouse of which along the north face (wall
and roof) is made up of a sandwich panel wall designated as a "greenhouse with sandwich
panels" and a greenhouse with sandwich panels equipped with a thermal screen open from 8
a.m. to 6 p.m. The characteristics of the sandwich panel and the heat shield are presented in the
following table (table 2):

Table 2: Characteristics of the sandwich panel wall and the heat shield

Kind Layers Thick- Resistance Conductivity Capacity Density
ness (m) (hm?’K/KJ) (J/hmK) (KJ/KgK) | (Kg/m3)
Sandwich | Galvanized 0.007 52 0.1 0.1
panel sheet 1.21
Poly-Exp
0.040 0.141 1.38 25
Polyurethane 0.100 0.108 0.837 35

Thermal Insulation
screen (Low  density 0.05 0.625 0.08 1.47 35
polyurethane)

Figure 15 represents the indoor air temperature variation curves (maximum daytime and
minimum nighttime respectively) for a glass greenhouse, a greenhouse with sandwich panels
and a greenhouse with panels sandwiches equipped with a heat shield depending on the months
of the year. We observe that:

* At night, the air temperature in a greenhouse with sandwich panels is slightly higher than that
in a glass greenhouse. The average differences between air temperatures in a sandwich panel
greenhouse and in a glass greenhouse do not exceed 1°C. The thermal insulation of the
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greenhouse by the north wall and the north roof only saved 1°C. On the other hand, there are
notable differences between the air temperature in a greenhouse with sandwich panels equipped
with a thermal screen and that in a greenhouse with sandwich panels. The average differences
between the air temperatures in a greenhouse with sandwich panels equipped with a thermal
screen and that in a greenhouse with sandwich panels vary from 6 °C (cold period of the year)
to 10 °C (hot period of the year). The contribution of thermal screens to reducing heat losses is
very satisfactory.

* During the day, there are notable differences between the air temperature in a greenhouse with
sandwich panels and that in a glass greenhouse. The average differences between air
temperatures in a sandwich panel greenhouse and in a glass greenhouse vary from 4 to 6°C. We
also note that the presence of the thermal screen has no notable effect on the daytime air
temperature.
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—+— Taimin (glass+ wall

—4— Taimin (glass+ wal+ screen

80

70
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10
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Fig 15: Indoor air temperature variation curves (nighttime minimums) (a) and (daytime
maximums) (b) for a glass greenhouse, a greenhouse with sandwich panels and a greenhouse
with sandwich panels equipped with a thermal screen depending on the months of the year.

Figure 16 represents the relative humidity variation curves (maximum nighttime (a) and
respectively minimum daytime (b)) for a glass greenhouse, a greenhouse with sandwich panels
and a greenhouse with sandwich panels equipped with a thermal screen depending on the
months of the year, we notice that:

* At night, the relative humidity of the indoor air for a greenhouse with sandwich panels is
slightly lower than that in a glass greenhouse. The average differences between air humidity in
a sandwich panel greenhouse and in a glass greenhouse vary from 4 to 6%. On the other hand,
there are notable differences between the relative humidity of the air in a greenhouse with
sandwich panels equipped with a thermal screen and that in a greenhouse with sandwich panels.
The average differences between air humidity in a greenhouse with sandwich panels and in a
greenhouse with sandwich panels equipped with a thermal screen vary from 25% (cold period
of the year) to 30% (hot period of the year). The contribution of thermal screens to reducing
relative humidity is very important.

» During the day, there is no remarkable difference in the variation of relative air humidity
within the three types of greenhouses.
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Fig 16: Maximum nighttime (a) and minimum daytime (b) relative humidity variation curves
for a glass greenhouse, a greenhouse with sandwich panels and a greenhouse with sandwich
panels equipped with a thermal screen depending on the months of the year.
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Fig 17: Heating requirements of the crop (tomato), for a glass greenhouse, a greenhouse with
sandwich panels and a greenhouse with sandwich panels equipped with a thermal screen
depending on the months of the year.

Figure 17 shows the greenhouse heating requirements for a glass greenhouse, a greenhouse with
sandwich panels and a greenhouse with sandwich panels equipped with a thermal screen,
depending on the months of the year.

We observe that:

During the night period, heating needs are high in a glass greenhouse (1728 MJ, during the
month of January). We also note that the presence of a thermal screen reduces the heating
requirement to zero (0 MJ).

For the design, analysis and control of the greenhouse system, dynamic simulation, based on
knowledge of the system, is crucial. Dynamic modeling of greenhouses is a complex operation
that requires long-term work. Given their interest, numerous dynamic models have been
developed (Kimball, 1973; Kindelan, 1980; Chandra et al., 1981; Van Bavel et al., 1981; Bot,
1983; Arinze et al., 1984; Monteil, 1985; Deltour , 1985; Kimball, 1986) Each of these models
provides improvements compared to the previous ones in terms of: quantification of the light
transmission of the cover (Bot, 1983; Critten, 1993), ventilation (De Jong, 1990; Boulard and
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others, 1996), plant transpiration (Stanghellini, 1987), energy supply (De Zwart, 1996) and heat
shields (Bakker and Van Holsteijn, 1995; Miguel et al., 1998). Other improvements have been
made to:

- Precision: this was achieved by a more precise determination of the exchange coefficients, by
improving the structure of the model and by a reduction in the number of hypotheses previously
taken.

- The diversification of applications of the model and its use as a guide for experiments and
control.

Dynamic modeling is a proven tool in greenhouse analysis (De Zwart and Bot, 1997). In
greenhouse control, models can be reduced to the kernel to describe the dynamics of control
variables (Van Straten, 1999) and they can extend from black box to mechanistic models.
However, dynamic models also face the following problems:

- They often require calibration on experimental results (Cormary et al., 1985); which makes
the model of limited flexibility and of use reserved only for research. The need for calibration
comes either from a bad mathematical description of the phenomena, or from a bad evaluation
of certain parameters.

- They are not general and flexible enough to apply to different types of greenhouses. In
particular, when it comes to studying the applicability of energy storage (transition from a light
wall to a mass wall). The combination with dehumidification and heat pump coupling
complicates the model.

- They cannot guide the evolution of the greenhouse climate through regulatory laws. The
application for the control is remote due to the complexity and long calculations of this type of
modeling.

- Dynamic modeling of greenhouses is not a standard operation. Indeed, the quantification of
the various energies and mass transfer processes in greenhouses and the methods for solving
the balance equations differ from one model to another.

These different arguments as well as the diversity of applications in greenhouses (cited above)
made us think of looking for a dynamic simulation platform on which the modeling of
greenhouses will be a standardized operation which reduces modeling constraints.

5. Outcomes

In Tunisia, the sustainable availability of this renewable resource highly encouraged its use in
agriculture. In this context, we studied the efficiency of the solar energy for tomato production
under greenhouse.

In the greenhouse equipped with a thermal screen, fruit maturity was held to early in 08 April.
Compared with plants grown under the greenhouse with sandwich panel, the maturity of fruits
of plants grown under glass greenhouse was later by two weeks which took place by 22 April.
The difference between the greenhouses concerning the cumulated fruit yield was conspicuous
(Table 3). In the greenhouse equipped with a thermal screen, the total crop harvested was
equivalent at average to 96.2 t ha™ (equivalent to 50.9 kg plant™). The total harvest is formed
by a major quantity of marketable fruits and a low quantity of undersized fruit. As to greenhouse
with sandwich panel, the harvest was more or less similar to that of the glass greenhouse with
84 tha™ and 67 tha™', respectively. But, the majority harvest of greenhouse with sandwich panel
consists of undersized fruit with 32 t ha'against 39 t ha in the glass one.
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Table 3: Total weight, marketable fruits and undersized fruits of tomato fruits (kg plant” and
equivalent in t h') grown for 20 weeks in greenhouses (Glass, Glasstwall and
Glass+wall+screen). Means with different letters are significantly different (NMK-test, p <

0.05).
Gre)enhouses Marketable fruits Undersized fruits Total yield
kg plant” tha' kg plant™ tha' kg plant™ tha'
Glass 15¢ 28 b 2la 39a 36b 67b
Glass+wall 28D 52b 17b 32b 45D 84 b
Glasstwalltscreen 49.6 a 938 a 13¢ 24 ¢ 50.9a 96.2 a

Fig 18. The outcomes of the monitoring and control of the greenhouse climate conditions for
tomato crops under the greenhouse equipped with a thermal screen.

IV. Conclusion:

The management of greenhouse condition includes several physiological processes that
influence the growth of plants, such as lighting, temperature, humidity, soil nutrient and soil
temperature.

The simulations obtained for the solar greenhouse studied were carried out for the climate of
Tunis, over the whole year. The numerical simulation results show that the thermal performance
of the solar greenhouse, despite being constructed of glass, is not satisfactory. In fact, the
average differences between nighttime temperatures inside and outside the greenhouse, during
the cold period of the year, do not exceed 2°C. During the months of December, January,
February and March, night temperatures are lower than the minimum temperature required by
the plant (TNmin=12°C). The relative humidity of indoor air, during the day, reaches
excessively low values (less than 25%). For nine months out of twelve (from March to
November) daytime temperatures exceed the overheating temperature (Overheating=32°C).
Heating the greenhouse, with an area of 100 m?, during the winter requires a fairly significant
amount of energy of around 4600 MJ.

We proposed to improve the thermo-energetic performance of the greenhouse by thermally
insulating, initially, the north wall and the north roof in order to reduce overheating of the
greenhouse during the summer and thermal losses during the winter. , and subsequently, by
introducing thermal screens in the greenhouse.
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We found that, at night, the air temperature in a greenhouse with sandwich panels is slightly
higher than that in a glass greenhouse. Thermal insulation of the greenhouse by the north wall
and the north roof only saved 1°C. On the other hand, we recorded notable differences between
the air temperature in a greenhouse with sandwich panels equipped with a thermal screen and
that in a greenhouse with sandwich panels. The average differences between the air
temperatures in a greenhouse with sandwich panels equipped with a thermal screen and that in
a greenhouse with sandwich panels, during the cold period of the year, are of the order of 6°C.
The contribution of thermal screens to reducing heat losses is very satisfactory. The contribution
of thermal screens to reducing relative humidity during the night is very significant (around
25%). The presence of thermal screens in the greenhouse reduces the heating requirements of
the greenhouse to zero (OMJ) (to maintain it at a temperature greater than or equal to
Tmin=12°C during the night).
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