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Abstract 
Understanding the environment of olive tree cuttings is a key factor in im-
proving these plants’ rooting rate and survival. This study aims to develop a 
three-dimensional (3-D) Computational Fluid Dynamics (CFD) model for nu-
merically assessing air temperature and relative humidity in an olive cuttings 
greenhouse under Mediterranean climatic conditions. The results are deduced 
from a steady-state simulation performed with recorded boundary conditions 
at 10:00 am, 12:00 pm, 02:00 pm, 04:00 pm, and 06:00 pm at different obser-
vation points. The calculations were validated using experimental data. The si-
mulation errors of the air temperature were −0.8˚C to 4.55˚C, and errors of 
the leaf temperature were 0.07˚C to 2.42˚C, for the air relative humidity was 
−33.84% to −1.64%, and −10.1% to −13.54% for the relative humidity of the 
leaf air. Contour maps were obtained from the 3-D CFD simulations to eva-
luate the distribution of humidity and air temperature inside the greenhouse 
and the vicinity of the plant canopy. This study suggests that the developed 3-D 
CFD model can be a helpful tool to understand and optimize greenhouse opera-
tion for better crop quality. 
 

Keywords 
Numerical Simulation, Computational Fluid Dynamics, Greenhouse,  
Microclimate, Olive Cuttings 

 

1. Introduction 

With the increasing consumption of olive products and, therefore, the current 
specialization in disseminating the dietary, nutritional and organoleptic qualities 
of vegetable oil, it becomes necessary to extend the productivity of this fruit 
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worldwide [1]. Propagation is an indispensable part of the olive production chain, 
and is the first stage in the establishment of olive growing or the renovation of 
existing orchards. Olives are usually propagated by cuttings in a greenhouse [2] 
[3]. 

The cuttings greenhouse must respect two main constraints: to protect the 
young plants from external climatic conditions and create a permanent climate 
favorable to the cuttings creating roots [4]. Different types of agricultural green-
houses are designed, such as tunnels greenhouses, the most structure used in Me-
diterranean regions [5]. These installations must maintain a high level of humidity 
(90%) and an ideal temperature between 20˚C and 27˚C [6] [7]. So, the poor 
control of environmental factors in the cuttings environment attributes to a low 
rooting percentage of olive cuttings [6] [8]. Understanding and improving green-
house climate control and management to increase the rooting rate is the wish of 
farmers. 

With advances in computing, scientists and engineers have widely adopted 
Computational Fluid Dynamics (CFD) tools to predict the prevailing climate within 
agricultural buildings [9] [10]. The popularity of CFD tools stems from their abili-
ty to compute the spatial distribution of the climate parameters within the whole 
greenhouse. These codes allow accurate simulations to be administered for a good 
range of geometric conditions and limits, which will help engineers and farmers 
improve greenhouse design and control [11]. Many CFD studies on greenhouse 
have been conducted. Still, the originality of our research is reflected in the fact 
that it is among the first few studies which concern this type of greenhouse ded-
icated to the rooting of cuttings, which is the essential step in the olive produc-
tion chain. 

The primary objectives of this study were to develop a 3-D CFD model for nu-
merically assessing climatic variables in an olive cuttings greenhouse under Medi-
terranean wintertime climate conditions, and provide a helpful tool in improv-
ing greenhouse climate control, with a concern to increase the yield and quality 
of this crop. The model is first validated by the measured data, and then it is 
used to explore the details of temperature and humidity distributions. 

2. Materials and Methods 
2.1. 3D CFD Simulation 
2.1.1. Fundamental Equations 
The mass, energy, momentum, and concentration equations are often represented 
for a steady-state, three-dimensional flow with the subsequent conservation eq-
uation: 

( ) ( ) ( )* * *
2

u v w
S

x y z φ

φ φ φ
φ

∂ ∂ ∂
+ + = Γ ⋅∇ +

∂ ∂ ∂
             (1) 

where φ  represents the concentration of the transported quantity in a dimen-
sional form, namely the 3-D momentum (Navier-Stokes) and the scalar mass and 
energy conservation equations; * * *, ,u v w  are the reduced forms of the compo-
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nents of velocity vector; x, y and z are the Cartesian space coordinates; Γ  is the 
diffusion coefficient; Sφ  is the source term; and 2∇  is the Laplace operator 
[12]. 

Turbulence was modeled according to the standard k-ε model [13]. This me-
thod is based on solving two equations. One is for k, which represents turbulent 
kinetic energy, and the other is for ε, which considers the energy dissipation rate 
in units of volume and time. This is the most widely used and validated turbu-
lence model in many research studies in greenhouse CFD greenhouse literature 
[14] [15] [16]. 

The contribution of radiation was added in “Equation (1)” as a source com-
ponent. The discrete ordinates model (DOM) of radiation solves the Radiative 
Transfer Equation (RTE) for a finite number of discrete solid angles, each related 
with a vector direction fixed in the global Cartesian system. The DO allows the 
solution of the radiation on semi-transparent materials (e.g., plastic). 

The DOM writes the RTE in the direction s  as a field equation. The RTE for 
the spectral intensity ( ),Iλ r s s  can be written as [17]: 

( )( ) ( ) ( )

( ) ( )42

, ,

, , d
4

bI s

I a I

a n Iλ

λ λ λ λ

λ λ

σ

σ π

∇ ⋅ + +

′ ′ ′= + Φ Ω
π ∫

r s s r s

r s s s


                (2) 

where r  is the position vector, s  is the direction vector, ′s  is the scattering 
direction vector, σ is the Stefan–Boltzmann constant, Iλ  is the radiation inten-
sity of the wavelength, aλ  is the spectral absorption coefficient, bI λ  is the 
black-body intensity given by the Planck function, sa  is the scattering coeffi-
cient, n is the refractive index, φ  is the phase function and ′Ω  is the solid an-
gle (radian). In present study the number of bands is 3, with UV radiation wave 
band from 0 - 0.4 μm, visible radiation waveband from 0.4 - 0.7 μm and IR radi-
ation waveband from 0.7 - 100 μm. 

To take account of the gravity effect, the Boussinesq model was activated, 
which means that the buoyancy force due to air density differences is added as a 
source term of the momentum equation [18]. 

Without being able to take into account and describe the geometry of a real 
canopy, the plants were assimilated to an equivalent homogenous porous me-
dium that induces a drag force calculated from the Darcye Forchheimer law [19]. 
The corresponding sink of momentum by unit of volume of the canopy was ex-
pressed by the commonly used formula established by Thom (1971) [20], which 
involves a drag coefficient: 

2
a DS LAD C Vφ ρ= −                        (3) 

where, aρ  is the air density (kg∙m−3), LAD is the leaf area density (m2∙m−3) de-
fined as the leaf area index divided by the canopy height, CD is the drag coeffi-
cient and V, the air velocity. 

In addition to their influence on flow dynamics, plants also significantly alter 
the general energy balance. 
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The crop was divided into elementary volumes in which the heat and water 
vapor mass transfers were modelled by sink or source terms. Each elementary 
volume receives a radiative flux that is converted into sensible and latent heat. The 
energy balance may be written as:  

0a s lG Q Q+ + =                        (4) 

where Ga (W∙m−3) is the density of net radiation (i.e. radiative flux divided by 
cell height) absorbed in each canopy cell, Ql (W∙m−3) is the latent heat flux den-
sity associated with the transpiration process, and Qs (W∙m−3) is the sensible heat 
flux density transferred between the leaves and the ambient air. 

The net radiation was obtained by dividing the difference between the down-
ward and upward long wave radiation by the height of the canopy. The cano-
py-to-air sensible heat flux density (Qs) is a function of the difference in temper-
ature between the leaves and the ambient air, as well as of the leaf density. It is 
governed by the following equation [19]: 

( )12 a p
s a

a

C
Q LAD T T

r
ρ

= −                    (5) 

where Cp is the specific heat of air under constant pressure (J∙kg−1∙K−1), ra is the 
leaf aerodynamic resistance (s∙m−1), and Tl and Ta are the temperatures of leaves 
and air, respectively, inside each cell. The factor 2 that appears in “Equation (5)” 
indicates that sensible heat transfers occur on both sides of the leaves. This for-
mula also assumes that the temperatures on both sides of the leaf are the same. 
The relationship between the leaf aerodynamic resistance and the heat transfer 
coefficient (h) for individual leaves may be written as [21]:  

a p
a

C
r

h
ρ

=                          (6) 

The heat transfer coefficient (h) was calculated from the Nusselt number, Prandtl 
number, Glaschoff number, and Reynolds number according to the equation of 
Montero et al. (2001) [22], which distinguishes between free convection, forced 
convection, and mixed convection.  

The latent heat flux or the transpiration rate Ql was deduced from a similar 
relation with respect to air humidity difference between wl (kg∙kg−1), the satu-
rated water content of the air at canopy temperature and wa (kg∙kg−1), the specif-
ic humidity of the air [23]: 

( )w a
l l a

s a

L
Q LAD W W

r r
ρ

= −
+

                  (7) 

with, Lw (kJ∙kg−1) the latent heat of water vaporization and rs (s∙m−1) the leaf 
stomatal resistance. 

2.1.2. Numerical Procedure 
The numerical solution was obtained by means of a finite volume discretization 
code, together with the simple (implicit method for pressure linked equations) 
pressure-velocity coupling algorithm. To achieve an accurate result, second-order 
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upwind discretization schemes were used for momentum and turbulence equa-
tions. The convergence criterion for all variables was 1 × 10−6. A specific us-
er-defined functions (UDFs) have been developed to take into account the inte-
raction of crops with the environment. Table 1 summarizes the basic compo-
nents of CFD simulation.  

3. Experimental Procedures 
3.1. Site and Greenhouse Description 

The experiment was performed on January 31th, 2020. The experimental green-
house was a closed delata9 type tunnel with a steel frame. The dimensions of this 
greenhouse were 20.67 m in length, 9.52 m in width, and 2.95 m in maximum 
height. Olive cuttings occupied the greenhouse with a density of 2500 plants/m2, 
in rows oriented NE - SW. The canopy (h) was 0.15 m high on average. The 
greenhouse was located in central Morocco (longitude: 31˚N, latitude: 5˚N). There 
are sprinkler systems and a shading layer outside the tunnel, and the misting 
system inside. 

3.2. Measurement System and Condition Limits 

Global radiation, temperature, and relative humidity were measured by a weath-
er station located outside the greenhouse. The temperature and relative humidity 
of the indoor air and the leaf air were measured with model SHT35 sensors: 5 
positions at the height of 1.25 m (Figure 1) for air parameters and one place in 
the middle for leaf air parameters. The substrate and plastic cover temperatures  
 
Table 1. The basic components of CFD simulation. 

Classification Setting of Method 

Solver 

Segregated solver 
3-D simulation 

Implicit formulation 
Absolute velocity formation 

steady state analysis (first-order implicit) 

Energy Equation Activated 

Viscous Model 
Standard k-ε model 

Standard wall functions 

Radiation Model 

DO (discrete ordinates) 
Theta divisions: 2 

Phi divisions: 2 
Theta pixels: 1 

Phi pixels: 1 
Non-grey model: selected; with 3 bands 

Iteration ratio (flow/radiation): 10 

Species Multiple species 

UDF Developed 
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Figure 1. Schematic view of sensors locations inside the studied greenhouse. 
 
were measured in the middle position with PT 100 sensors (Table 2). 

The boundary characteristics are presented in Table 3. The results were de-
duced from a steady-state simulation performed with the boundary conditions 
recorded at 10:00 am, 12:00 pm, 02:00 pm, 04:00 pm and 06:00 pm. 

For the simulation, it is necessary to define the different materials that com-
posing the greenhouse and their properties (Table 4).  

4. Results and Discussion 
4.1. Temperature 

The simulated results were compared to the experimentally measured data, as 
shown in Figure 2 for the indoor air temperature and Figure 3 for the leaf-air 
temperature. The absolute errors of the simulated values from the experimen-
tal data were −0.8˚C to 4.55˚C for the indoor air temperature and 0.07˚C to 2.24˚C 
for the leaf air temperature, as summarized in Table 5. By analyzing these values, 
we observe that the results of 10:00 am, 4:00 pm and 6:00 pm indicate a close 
agreement between the values of simulation and the experimental measure-
ments.  

On the other hand, the values of the temperature at noon and 2:00 pm. is 
overestimated; this difference can be explained by the use of a system of cooling 
by misting and, in parallel, another system of cooling outside during this period.  

From this study, we can deduce that using these two cooling systems only 
lowers the air temperature of the greenhouse by a maximum of 4.55˚C. Howev-
er, the system studied still does not manage to maintain the temperature favoura-
ble to the optimal growth of young olive trees saplings. Indeed, the relatively 
high temperatures inside the greenhouse (above 27˚C) would have the effect 
of increasing transpiration, which corresponds to the rate of evaporation of 
water into the atmosphere from a given area of leaves and plant stems in given 
weather [23]. The lower the internal resistance of the leaf to the diffusion of wa-
ter, the more transpiration increases rapidly with the air temperature, which 
causes activation of the auxiliary buds and the fall of the leaves, and consequently  
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Table 2. Characteristics of the sensors used in this experiment. 

Parameters Sensors Unity Accuracy 

Air temperature SHT35 ˚C ±0.2˚C 

Relative humidity SHT35 % ±1.5% 

Substrate and cover temperatures PT100 ˚C 4.55 

Global solar radiation HYXC-HYGTRA/B W/m2 <5% 

 
Table 3. The Experimental measurement used as boundary conditions for the numerical 
simulation (31th January, 2020). 

 
Global solar 

radiation 
(w/m2) 

Outside air 
temperature 

(˚C) 

Outside 
relative air 
humidity 

(%) 

Plastic roof 
cover 

temperature 
(˚C) 

Substrate 
temperature 

(˚C) 

10:00 pm 250 12.88 56.17 19.21 14.69 

12:00 pm 611 19.77 29.12 39.39 19.95 

14:00 pm 673 21.99 22.43 41.05 24.75 

16:00 pm 505 22.48 24.29 31.56 25.60 

18:00 pm 115 19.33 31.77 21.79 24.18 

 
Table 4. Physical properties of common building materials. 

 
Density 
(Kg∙m−3) 

Specific heat 
(J∙kg−1∙˚C−1) 

Absorption 
coefficient 
(for solar 
radiation) 

Scattering 
coefficient 
(for solar 
radiation) 

Refractive 
index 

Substrate 1900 2200 2 0.5 1 

Cover 2000 840 0.78 0.1 1.4 

Concrete 2100 880 1.4 0.6 1 

Plant 700 2310 0.173 
User defined 

gray band 
1 

 
Table 5. Absolute errors of the simulated temperature values to the measured values at 
each position for different day hours. 

 10:00 am 12:00 pm 02:00 pm 04:00 pm 06:00 pm 

P-1 −0.05 0.92 0.20 −0.56 −0.35 

P-2 −0.15 2.80 2.99 −0.01 −0.62 

P-3 0.16 4.42 4.55 0.49 −0.14 

P-4 −0.02 4.14 3.92 0.16 −0.79 

P-5 0.06 2.78 1.73 −0.80 −0.75 

P-leaf-air 0.10 1.60 2.24 0.20 0.07 
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Figure 2. Comparison of measured and simulated average air temperature value of the 
five positions, for different hours of the day. 
 

 

Figure 3. Comparison of measured and simulated leaf air temperature value for different 
hours of the day. 
 
a decrease in the rate of rooting. For this purpose, a release of excess heat to the 
outside using natural ventilation must be programmed between noon and 2:00 pm. 

The temperature distribution in the greenhouse (Figure 4) confirms that the 
leaf air temperature is slightly lower than the air temperature, especially at noon 
and 2:00 pm. Light indirectly affects perspiration by altering stomatal resistance. 
Stomata opening are stimulated by light [24] [25]. In addition, and during these 
two times, a gradient temperature is observed; this gradient is due to the increase 
in temperature and the buoyancy force [18]. Also, this figure showed us a remarka-
ble horizontal homogeneity of the air temperature inside the greenhouse. On the 
other hand, the greenhouse air, approximately 80% at 10:00 am and more than 80% 
at 4:00 and 6:00 pm, is in the same temperature range. However, this percentage 
does not exceed 40% at noon and 2:00 pm (Table 6); this heterogeneity is ex-
plained by the distribution of solar radiation inside the greenhouse [19]. From these 
results, we can conclude that this system can ensure temperature homogeneity, re- 
presenting an essential advantage for this crop. 
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(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

Figure 4. Sectional-view contour maps of air temperature distribution inside the green-
house (plan XY at z= 11 m): (a) at 10:00 am; (b) at 12:00 pm; (c) at 02:00 pm; (d): at 04:00 
pm; (e) at 06:00 pm. 
 
Table 6. The percentage of the greenhouse air in the same temperature range for different 
day hours. 

 Temperature range Percentage of air greenhouse 

10:00 am 18.08˚C - 19.18˚C 86% 

12:00 pm 30.88˚C - 32.72˚C 32% 

02:00 pm 35.90˚C - 37.48˚C 35% 

04:00 pm 30.56˚C - 31.38˚C 79% 

06:00 pm 22.45˚C - 23.57˚C 93% 

4.2. Relative Humidity 

The values of simulated relative humidity in the greenhouse and the canopy air 
for different hours of the day are presented in Figure 5 and Figure 6 respective-
ly, The absolute error of simulated values compared to the experimental data 
were −33.34% minimum to −1.61% maximum for indoor relative humidity, and 
from −13.54% minimum to −10.1% maximum for the relative humidity of the 
leaf air as summarized in Table 7, overall the relative humidity values are unde-
restimated especially between noon and 2:00 pm, which can be explained by the 
non-consideration of the irrigation system water and also the outdoor cooling 
system in our simulation model. 

The humidity distribution in the greenhouse showed that the relative humidi-
ty of the plant canopy is always higher than 80% (Figure 7); this increase is re-
lated primarily to the plant’s transpiration and the confinement of the air inside 
the greenhouse. The relative humidity is very sensitive to the variation of the 
ventilation rate, and that this one, in our case, is almost zero inside the green-
house. In contrast, the relative humidity knows a fall until 50% between noon 
and 2:00 pm in the air of the greenhouse; this fall is related to the increase of the 
temperature. As already presented, the relative humidity is among the key  
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Figure 5. Comparison of measured and simulated average relative humidity values of the 
five positions for different hours of the day. 
 

 

Figure 6. Comparison of measured and simulated relative humidity values in the leaf air 
for different hours of the day. 
 
Table 7. Absolute errors of the simulated relative humidity values to the measured values 
at each position for different day hours. 

 10:00 am 12:00 pm 02:00 pm 04:00 pm 06:00 pm 

P-1 −9.44 −28.06 −19.75 −14.09 −1.61 

P-2 −14.88 −28.92 −24.93 −20.92 −2.76 

P-3 −18.4 −33.34 −25.41 −20.58 −2.01 

P-4 −16.17 −26.83 −20.08 −13.54 −1.8 

P-5 −17.13 −32.88 −24.29 −17.08 −1.83 

P-leaf-air −10.1 −10.8 −11.56 −13.54 −12.37 

 
environmental factors for the success of cuttings, the absence of roots does not 
allow the cutting to maintain its maximum turgidity potential, so the mainten-
ance of high relative humidity, without saturating the substrate excessively,  
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(e) 

Figure 7. Sectional-view contour maps of relative humidity distribution inside the 
greenhouse: (a) at 10:00 am; (b) at 12:00 pm; (c) 02: 00 pm; (d): at 04:00 pm; (e) at 06: 00 
pm. 
 
Table 8. The percentage of the greenhouse air in the same relative humidity range for 
different day hours. 

 Temperature range Percentage of air greenhouse 

10:00 am 73 % - 82% 95% 

12:00 pm 54% - 63% 47% 

02:00 pm 56% - 65% 63% 

04:00 pm 63% - 72% 91% 

06:00 pm 82% - 95% 95% 

 
reduces the hydric stress conferred to the cuttings and favours rooting [5] [26]. 
Therefore, this simulation result has shown that practicing a misting system makes 
it possible to increase the relative humidity of the air of the greenhouse and the 
leaf (up to 33% maximum), which represents an advantage for the process. Finally, 
and as presented for the temperature, a uniform distribution of the air inside the 
greenhouse is essential to ensuring the success of the cuttings; Figure 5 indicates 
a remarkable horizontal homogenization of the relative humidity of the air in-
side the greenhouse. Table 8, which represents the percentage of the greenhouse 
air in the same range of the relative humidity, confirms overall the homogeneity 
of the relative humidity inside the greenhouse. 

5. Conclusions 

A 3-D CFD model was developed to simulate air temperature and relative hu-
midity distribution in a tunnel greenhouse for rooting cuttings. The developed 
model provided good overall agreement with the experimental measurements. 
This model showed the limitation of the two cooling systems’ effect on the excess 
of internal heat during the day. It lowers the air temperature of the greenhouse by 
a maximum of 4.55˚C, hence the need to equip this greenhouse with natural ven-
tilation openings. On the other hand, this simulation result showed that the prac-
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tice of a misting system allows increasing the relative humidity of the air in the 
greenhouse and the leaf (up to 33% maximum). 

Furthermore, this study confirmed that this type of greenhouse allows homo-
genization of climatic parameters for the success of the rooting process. The re-
sults obtained previously could be a means in future research to improve the ef-
ficiency of the greenhouse by a thorough analysis of all the difficulties of root 
cutting according to the Spatio-Temporal distribution of the microclimate. Fur-
thermore, a similar study should be conducted on other greenhouse designs to 
determine which one is adequate for root development. 
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