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Abstract: The aim of this study was to analyse air exchange and temperature distribution in a greenhouse with combined 
mechanical and natural ventilation and to design more efficient mechanical ventilation systems.  For this purpose, a 
computational fluid dynamics (CFD) model of the greenhouse was used.  Three configurations were considered: Configuration 
1 (mechanical ventilation and closed roof ventilators), Configurations 2 and 3 (mechanical ventilation and roof ventilators open 
30% and 100%, respectively).  After validation, the CFD model was used to improve the design of the greenhouse mechanical 
ventilation system in each of the three configurations analyzed.  Four greenhouse lengths, 28 m, 50 m, 75 m and 100 m, were 
used in the simulations.  Compared to fan ventilation only, roof ventilation improved the climate of fan-ventilated greenhouses 
in terms of the air exchange rate (22%) and climate uniformity because the internal air was mixed better than with mechanical 
ventilation only.  As the greenhouse length increased, more advantages were achieved with natural ventilation compared to 
mechanical ventilation.  For most configurations, there was a strong linear correlation between temperature gradient and 
greenhouse length.  The greenhouse whose regression line had the steepest slope was the one with closed roof ventilators.  
Increasing the fan capacity produced a general reduction in temperature, but the effect was less intense for the greenhouses with 
open roof ventilators.  Compared to box inlet ventilators, an enlarged continuous inlet in the wall opposite the fans increased 
overall system performance because it eliminated backflow recirculation zones, which are prone to produce high temperatures. 
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1  Introduction 

Efficient greenhouse ventilation is essential under  
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most climate conditions, including northern regions with 
cold and humid winters and semi-arid regions with hot 
summers.  In the first case, ventilation helps reduce 
excessive humidity to prevent crop mineral depletion and 
fungal diseases[1].  In semi-arid regions, it is very 
important to control the inside temperature and relative 
humidity to maintain plant photosynthetic and 
transpiration rates[1].  Natural ventilation is one of the 
cheapest ways to regulate the microclimate of internal 
greenhouse.  However, the need to protect crops from 
pest attacks by using insect-proof screens leads to a sharp 
reduction in air exchange rates in greenhouses with 
natural ventilation.  Insect-proof screens have been 
reported to reduce ventilation efficiency by about 50%[2,3].  
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Moreover, natural ventilation is highly dependent on 
outside environmental conditions, thus making it difficult 
to control.  Mechanical ventilation could therefore be a 
good way to improve climate control in screened 
greenhouses. 

Around the world, greenhouse mechanical ventilation 

has been used less than natural ventilation possibly due to 
differences in energy and maintenance demands from the 

the two systems.  There is scarce literature of research 
on this topic to the authors’ knowledge.  The American 

Society of Agricultural and Biological Engineers[4] 
provides guidelines for the procedure of designing 

mechanical ventilation systems.  These guidelines are 
useful, but many of them are empirical rules that are not 

always valid for conditions other than those for which 
they were established.  Willits et al.[5] discussed the 

limitations of the ASABE guidelines, such as the 
difficulty of using approximate values for the 

transpiration coefficient in the design and calculation of 

the ventilation system. 
There are few studies exclusively on the topic of 

mechanical ventilation[2,6].  In many cases, exhaust fans 
are considered to be part of evaporative cooling systems, 

such as the fan and pad cooling system.  For instance, 
Montero et al.[7] compared three methods of evaporative 

cooling and their effects on air and leaf temperature.  
The fan and pad system reduced leaf temperature near the 

pad by 3ºC compared to the outside air temperature, but it 
is effectively decreased as the distance from the cooling 

pad increased.  At the fan end of a 30-m-long 
greenhouse, leaf and air temperatures were higher than 

the outside air temperature. 
The development of temperature and humidity 

gradients along the direction of the airflow in 
fan-ventilated greenhouses has been identified as a major 

problem in this type of cooling system.  Willits et al.[5] 

pointed out that there could be a lack of homogeneity in 
the internal climate when mechanical ventilation is used.  

Under very arid conditions, temperature differences of 
nearly 15ºC were reported in a 38-m-long fan and pad 

cooled greenhouse[8].  Arbel et al.[9] compared two 
mechanically ventilated greenhouse compartments, one 

operating with a fan and pad system and the other with a 
fog system.  They found more uniform temperature and 

relative humidity conditions in the compartment with the 
fog system compared to a linear increase of air 

temperature with distance in the greenhouse with fan and 
pad cooling.  Kittas et al.[10,11] found that the vertical 

gradients of air temperature and humidity were more 
homogeneous with mechanical ventilation than those with 

natural ventilation.  The same authors suggested the use 
of shading for the second half of a long greenhouse to 

reduce temperature gradients. 
Other authors mentioned that climate homogeneity 

can be improved if the roof ventilators are left partially 

open, so that mechanical ventilation is combined with 
natural ventilation[12,13].  Studies on the combination of 

the two air exchange methods are rather limited. 
Most of the information available on mechanical 

ventilation comes from studies mainly descriptive. For 
example, Al-Helal[8] compared the effects of two 

ventilation rates on greenhouse climate, but the study was 
merely descriptive.  More analysis is needed to fully 

understand the effects of relevant parameters on 
greenhouse climate, such as the fan air exchange rate, 

greenhouse length and the combination of roof ventilation 
and mechanical ventilation. 

More recently, numerical analysis such as 
computational fluid dynamics (CFD) has been used to 

obtain more information on the spatial distribution of 
climate inside the greenhouse[14].  The CFD is a valuable 

tool for the analysis of ventilation systems because it 

provides a detailed analysis of the ventilation process and, 
therefore, of relevant climatic variables[15,16].  Questions 

on the management of ventilation to produce sufficient air 
movement and quantify the levels of heat and mass 

transfer between the crop and the surrounding air can be 
answered through the application of CFD[1,15,17-20].  The 

CFD can be used to improve the design and management 
of mechanical ventilation systems. 

The aim of this study was to analyse air exchange and 
temperature distribution in a greenhouse with combined 

mechanical and natural ventilation systems and to design 
more efficient mechanical ventilation systems.  
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2  Materials and methods    

2.1  Experimental greenhouse 
The experiment was carried out in an East-West 

three-span greenhouse located in Almería, Southern 
Spain (latitude 36º48′, longitude 2º43′ and altitude 151 m), 
near the Mediterranean coast.  The geometrical 
characteristics of the greenhouse were given as follows: 
width, 22.5 m; length, 28 m (639 m2 soil-covered area); 
eave height, 3 m; and ridge height, 4.7 m; total volume,  
2 614 m3.  The mechanical ventilation system consisted 
of one exhaust fan (1.4 × 1.4 m EX50”-1.5, EXAFAN, 
Spain) per greenhouse span.  The main air inlets 
consisted of rectangular boxes (2 × 1.4 × 1.15 m) located 
on the front wall of each span, opposite to the exhaust 
fans (Figure 1).  The greenhouse had three roof 
ventilators along the main axis of the greenhouse with a 

maximum opening of 1 m (Figure 1).  The roof 
ventilators were partially open (30%), totally open (100%) 
and closed (0%) to provide the three different ventilation 
configurations studied.  All the openings were covered 
with an insect-proof screen (22.5 by 11 threads per 
centimeter, 25% porosity and 0.3-mm thread thickness).  
The greenhouse was covered with 0.2-mm-thick 
polyethylene film. 

The experiment was performed in an empty 
greenhouse (no crops), which can be assumed to be the 
scenario of a recently transplanted crop, since this is the 
most unfavourable case in terms of maximum internal 
temperatures.  Measurements were taken for the 
greenhouse ventilation rate and the internal air 
temperature profiles in order to compile data to validate 
the CFD simulations.  These measurements were carried 
out from 24 April to 8 June, 2007. 

 
Figure 1  Layout of the experimental greenhouse design and temperature sensor distribution.  

A - Dry bulb temperature, B - Soil heat flux plate, C - Soil temperature.  Lengths are given in meter. 
 

2.1.1  Tracer gas measurements 
The greenhouse air exchange rate was determined 

using the decay rate method with N2O as the dynamic 
tracer gas[21].  A Siemens ULTRAMAT 5M sensor 
(Germany) was used to measure the decay rate 
concentration.  A mathematical development of this 
method can be found in the study by Boulard and 
Draoui[22].  Roy et al.[23] provided a detailed description 

of the procedure for the decay rate measurement.  The 
variation in the concentration of the tracer gas over time 
follows logarithmic behaviour, as described in Equation 
(1).  

 c(t) = co × e-Vt                (1) 

where, c is the tracer gas concentration (ppm) at time t (s); 
co is the initial tracer gas concentration (ppm) and Vt is 
the air exchange rate (h-1), identified as the number of 
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greenhouse air exchanges per hour, which was calculated 
using Equation (2). 

( )lnt
o

c tV
c

                     (2) 

2.1.2  Climate variables 
Air temperature was measured at seven positions 

inside the greenhouse at a height of 1 m.  Soil 
temperature was measured at eight positions in the 
greenhouse and heat flux transfer was measured at two 
positions.  A schematic of the distribution of the sensors 
is shown in Figure 1.  Specific features of the sensors 
were: A. Dry bulb temperature Pt-100, PRIVA 
Maximizer, the Netherlands; B. Soil Heat Flux Plate, 
HFT3-L, REBS, Campbell Sci, USA; C. Soil temperature, 
107-L Temperature Probe (negative 35°C to 50°C), 
Campbell Sci, USA.  Outside air climate variables were 
recorded at a nearby, on top the greenhouse,  
meteorological station with a radiation sensor (Global 
solar Radiation Model CM11 Thies Clima, Germany; 
Wind Vane Anemometer, Class Standard, Thies Clima, 
Germany; Dry and wet bulb temperature, Pt-100, PRIVA 
Maximizer, the Netherlands).  Experimental data were 
stored in a CR21 logger (Campbell, USA). 

For each combination of roof ventilators, air 
temperature data were gathered at seven different 
positions on a horizontal plane at a height of 1 m for one 
hour.  The scan interval of the reading from the sensors 
was one data each 5 min average of every 30 s.  All data 
selected for analysis were obtained from a daily interval 
of 30 min at solar noon, when the most adverse weather 
conditions are expected.  Environmental temperature 
and its analysis data were the averages of 30 min between 
11:20 and 11:50 solar height at 1 m and from 12:00 to 
12:30 with the solar height at 2 m.  
2.2  Numerical model 

Navier-Stokes (N-S) equations provide the 
mathematical description of air movement inside the 
greenhouse.  Air is assumed to be a viscous 
incompressible fluid.  A numerical solution of the N-S 
equations produces the velocity field u(x,t)=(u1(x,t), 
u2(x,t), u3(x,t)) of a particle at each location x=(x1, x2, x3, t) 
in the three-dimensional domain at time t, as well as the 
pressure p=p(x,t) of the fluid[24]. 

The equation describing the transport phenomena for 
a steady flow in free convection can be written as 
follows[25]. 

( ) ( ) ( )u S
t


  


       


        (3) 

Equation (3) shows four terms: instability, convection, 
diffusion and a source term where the variable   is the 

dependent variable that describes the flux characteristics 
at a specific point and time; ρ is fluid density, u 
represents the air velocity vector, which, in a 3-D space, 
would be  = (x, y, z, t).  

2.2.1  Porous jump condition 
The insect-proof screen was modelled as a function of 

permeability and porosity[26].  The flux movement 
through a porous media can be modelled using the 
Forchheimer Equation (4) for highly porous materials.  

FCp u u u
x K K





 


             (4) 

where, ∂p is the drop in pressure through a porous media, 

Pa; ∂x is the thickness of the porous media, m;  is the 
dynamic viscosity of the fluid, kg/(m·s); K is media 
permeability, m2; CF is the inertial factor or  non-linear 
momentum loss coefficient; ρ is the air density, kg/m3; 
and u is the air velocity, m/s. 

Several screen coefficients for K and CF can be found 
in the literature[26-31], but, according to a more recent 
study by Teitel[32], using these published values may lead 
to erroneous calculations.  Teitel[32] suggested using the 
experimental measurement of pressure drop in air as a 
function of upstream air velocity.  A wind tunnel is 
required to do the measurements for this method. Since a 
wind tunnel was not available for this study, the decision 
was made to apply Teitel’s method to the experimental 
data obtained by Kamaruddin[29] for a screen that had a 
porosity of 25%, 20 threads per cm and 0.372 mm thread 
thickness.  For this screen[29] a quadratic regression 
given by Equation (5) was obtained: 

p = 2.324u + 2.536u2 (5) 
By comparing this experimental regression with 

Equation (4) it was possible to obtain K and CF: K

 ∂x 

= 2.324.  For µ = 1.79E-5 kg/(m·s), ∂x = 0.372E-3 m and 

 = 1.225 kg/m3, we obtained K = 2.46472E-9 m2. 
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In the same way FC
K

 ∂x = 2.536.  For  = 1.225 

kg/m3, K = 2.46472E-9 m2, and ∂x = 0.372E-3 m we 
obtained CF = 0.321178618.  Such K and CF values 
were used in the CFD simulations. 
2.2.2  Computational model and boundary conditions 

GAMBIT and FLUENT 6.2 CFD codes are 
commercially available[33].  User guide 12.0 (Lebanon, 
NH, USA) was used to build a mathematical 
representation of a 3-D computational model.  The 
domain was 88 m in length, 82.5 m in width and 30 m in 
height.  The mesh had a total of 610 572 cells.  A 
numerical solution of the Reynolds-averaged 
Navier-Stokes equations[25] was obtained over a 
discretized flow field based on the finite volume method.  

The Standard K- turbulence model[34] and buoyancy 
effects were selected to simulate airflow.  The model 
was chosen based on previous research on numerical 
modelling of greenhouse environment[35-36]. 

Wind direction was considered to be parallel to the 
main greenhouse axis.  Once the CFD model was 
developed, two sets of simulations were run.  The first 
set was to validate the CFD model by comparing the 
experimental and modelled air exchange rates and air 
temperatures.  For this comparison, the measured 
outside air temperature, wind velocity and heat flux from 
the greenhouse soil to the air were used as inputs for the 
CFD simulations.  The input parameters are shown in 
Table 1. 

 

Table 1  Boundary conditions for computational fluid 
dynamics (CFD) simulations.  Boundary conditions were 

different for model validation than for design studies. 

Initial Boundary 
Conditions Configuration 1 Configuration 2 Configuration 3 

CFD model validation: ventilation rate 

Temperature/K 286 286.5 284.7 

Wind Velocity/m·s-1 3.8 2.9 1.7 

CFD model validation: temperature 

Temperature/K 297 298.5 295 

Wind Velocity/m·s-1 2.5 1.7 3.5 

CFD design studies of air velocity and temperature 

Temperature/K 295 295 295 

Wind Velocity/m·s-1 2 2 2 

 

   The second set of simulations was performed to 
compare the three greenhouse roof vent configurations 
and to study the effects of relevant parameters such as the 
greenhouse length and fan capacity on the internal 
temperature.  Such configurations were: Configuration 1, 
mechanical ventilation alone (closed roof ventilators); 
Configuration 2, mechanical ventilation and roof 
ventilators open 30%; Configuration 3, mechanical 
ventilation and roof ventilators open 100%.  The input 
parameters for these simulation comparisons are also 
shown in Table 1.  
   As mentioned earlier the heat flux from the 
greenhouse soil to the air is a boundary condition for the 
CFD model.  It was determined by using the energy 
balance for the soil (Equation (6)). 

RQRIH soilasc              (6)  

where, Hsc is the heat transferred from the soil surface to 
the greenhouse air (W/m2); RIa is the fraction of radiation 
that passes through the film cover (W/m2) in this case:  

*RIa RI   

where, RI is the outside solar radiation (W/m2), the 
average was 846 W/m2; γ is the overall greenhouse 
transmissivity measured as 0.71[37].  Qsoil is the soil heat 
flux to the deep ground, the average experimental value 
was 159 W/m2[37]; Rα is the radiation fraction reflected, in 
this case Rα = RIa*α, α is the albedo (for sandy soil 

=0.21)[38]. 
Using these values in Equation (6), the heat 

transferred to the greenhouse air was 315 W/m2.  
Therefore, a constant heat source from the soil surface to 
the greenhouse air of the same magnitude was simulated 
to study the system performance under unfavourable hot 
conditions.  The fan curve of the exhaust fans relating 
airflow and pressure head was implemented in the CFD 
code to calculate airflow extraction. 

3  Results and discussion 

The CFD model was first validated against 
experimental data. For this purpose, CFD simulations 
were compared with tracer gas measurements of 
ventilation rate and temperature profiles along the 
greenhouse length.  After validation, a number of 
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simulations were run for different combinations of 
greenhouse lengths, roof ventilator openings and fan 
power to study the temperature gradient along the 
greenhouse length.  Finally, additional simulations were 
performed to improve the design of the air inlet in the 
front wall opposite to the fan location. 
3.1  Comparison of field experimentation with 
numerical model simulations 
3.1.1  Air exchange rate 

Figure 2 shows the relationship between the 
experimental air exchange rate and wind speed for the 
three greenhouse configurations studied.  In all cases, 
the poor correlation between both variables can be 

observed.  For closed roof ventilators (Figure 2a), the 
external wind had no appreciable effect on the air 
exchange rate, since ventilation was purely caused by the 
exhaust fans.  If the roof ventilators were partially or 
totally open (Figures 2b and 2c), wind speed had no 
significant effect on the ventilation rate. 

For the three configurations, the average ventilation 
rates were 20.8, 26.6 and 24.9 air changes per hour, 
respectively.  Assuming that the fans provided the same 
airflow, regardless of the roof ventilator configuration, 
most of the air exchange (20.8 air exchanges per hour) 
was due to mechanical ventilation and little air was 
exchanged through the roof ventilators. 

 
a. Configuration 1                               b. Configuration 2                                 c. Configuration 3 

 

Figure 2  Experimental air exchange rate (per hour) as a function of the wind speed wind velocity 
 

In accordance with Figure 2, Configuration 2 gave 
slightly higher ventilation rate than Configuration 3; this 
is an unexpected result since the roof ventilator surface 
was less for Configuration 2.  Besides the air exchange 
rate was slightly higher at lower wind speeds than that at 
higher wind speeds (Figures 2b and 2c) which was also 
unexpected. 

Two major reasons can help to explain such apparent 
discrepancies.  On the one hand, the decay rate method 
has limitations, such as the difficulty of having a perfectly 
homogeneous gas concentration[22].  It has been reported 
that the decay rate method has an accuracy of about 
30%[39], so the apparent reduction in the ventilation rate 
with wind speed was within the range of the experimental 
error in measurement.  On the other hand, it is important 
to note that some experimental measurements were done 
under low wind speed conditions (less than 4 m/s).  
Under such conditions, thermally driven ventilation may 

have played a role in the air exchange process particularly 
at lower wind speed, and may have caused some air 
exchange differences between Configurations 2 and 3, 
since the outside temperatures during measurements were 
not identical for both configurations.  

In order to validate the CFD model, simulations were 
run with the boundary conditions shown in Table 1.  
Measured and CFD-calculated air exchange rates for the 
three configurations considered are presented in Table 2.  
The agreement was good for the three configurations and 
the difference between measured and simulated values 
was within the range of experimental error[22].  For 
instance, Ould Khaoua et al.[18] reported that CFD 
simulated ventilation rates were 25% lower on average 
than experimental values.  These differences, which 
were greater than the ones presented in this study, were 
attributed mainly to the decay rate method.  

Table 2 also shows that air exchange through the roof  
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ventilators was relatively low compared to the airflow 
exhausted by the fans.  This fact agrees with 
experimental measurements, as shown in Figure 2.  It is 
noted that not all the roof ventilators performed in the 
same way; some acted as air inlets and others as air 
outlets.  This topic will be discussed in more detail in 
the following paragraphs. 

 

Table 2  Air exchange rate (per hour) measured by the tracer 
gas technique and obtained from the computational fluid 

dynamics (CFD) model.  Negative values mean outlet air while 
positive values mean inlet air. 

 Configuration 1  Configuration 2  Configuration 3 

 Tracer 
gas 

CFD 
model  Tracer 

gas 
CFD 

model  Tracer 
gas 

CFD 
model 

Exhaust fan 22.3 25  25.6 21.3  23.4 21.9 

Total roof ventilators     1.7   0.9 

North     -0.4   -0.8 

Centre     -1.3   0.1 

South     1.7   0.8 

Total greenhouse 22.3 25  25.6 23  23.4 22.8 

 
Table 2 also shows that CFD model gave higher 

ventilation rate for Configuration 1 (25 per hour) than for 
Configurations 2 and 3 (23 and 22.8 per hour).  As 
discussed later (Figures 4 and 5), roof ventilation changed 

the internal pattern of air movement; it had a minor effect 
on total air exchange rate but had greater effect on air 
mixing and temperature uniformity.   

3.1.2  Temperature profiles 
Figure 3 shows the comparison between the 

experimental and CFD simulated temperatures at a height 
of 1 m.  Each experimental value shown in Figure 3 is 
the average of the three spans of the experimental 
greenhouse, measured at 3, 14 and 25 m from the front air 
inlet wall.  Moreover, the represented simulated values 
are the average of the three temperature profiles along the 
greenhouse length in each span. 

The measured and simulated temperature profiles 
agreed well in all configurations.  The best agreement 
was for Configuration 3 (Figure 3c, maximum average 
differences 0.9°C) and the worst for Configuration 2 
(Figure 3b, maximum average differences 1.9°C) but in 
any case the difference between measured and simulated 
values was less than 2°C.  Both the measured and 
simulated values followed a similar trend.  For the three 
configurations, the lowest temperatures occurred near the 
air inlet and a temperature gradient was developed along 
the greenhouse length. 

 

 
a. Configuration 1                               b. Configuration 2                                 c. Configuration 3 

 

Figure 3  Comparison of experimental and CFD temperature profiles at 1 m height for the three configurations 
 

When the greenhouse roof ventilators were closed, a 
strong thermal gradient was developed at the air inlet wall 
(Figure 3a).  Roof ventilation contributed to reduce this 
strong gradient and make the lengthwise temperature 
profile smoother.  The contribution of roof ventilation 
can be better understood by studying the CFD simulation  
output (Figures 4 and 5). 

Figure 4a shows the velocity field and temperature 
distribution in the central section of greenhouse 
Configuration 1.  Outside air entered through the front 
windows; a main air stream travelled close to the 
greenhouse roof and then went down to the floor area.  
Two circulation cells were developed: the first one 
(clockwise) was formed immediately below the screened 
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entrance box and the second one (counterclockwise) was 
created near the exit outlet. Normally, circulation cells are 
areas with higher temperatures (Figure 4b), which may 

explain the initial and final steps in the temperature 
profile shown in Figure 3a. 

 
a 

 
b 
 

Figure 4  (a) Wind velocity (m s-1) in a vertical plane of the central span for Configuration 1,  
(b) Air temperature (K) in a vertical plane of the central span for Configuration 1 

 
a                                                                   b 

 

Figure 5  (a) Horizontal component (X axis) of wind velocity (m s-1) in roof ventilators for configuration 3,  
(b) Wind velocity in roof ventilators 

 

Figure 5 shows the component of air velocity 
perpendicular to the roof ventilator; part of the internal air 
exited through the ventilator side closest to the front 

entrance wall (foreground in Figure 5) and entered 
through the area closest to the fan (background in Figure 
5).  A similar behaviour was reported by Boulard et al.[21] 
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for external winds parallel to the gutter.  With roof 
ventilation, the circulation cells shown in Figure 4a were 
broken and the step temperature gradients at the entrance 
and exit (Figure 3a) of the closed-roof greenhouse were 
reduced.  It seems that roof ventilation had a relatively 
minor effect on total air exchange (Table 2) and overall 
greenhouse temperature (Figures 3a, 3b and 3c), but had a 
greater effect on the internal air flow pattern, air mixing 
and temperature uniformity. 

Experimental verification of CFD simulations is a 
difficult task, given that steady-state CFD simulations 
produce instantaneous representations of the greenhouse 
response under a given set of stable external conditions, a 
situation that rarely takes place in practice.  
Nevertheless, the similar trend shown in this study in 
terms of measured and simulated air exchange rates and 
temperature profiles suggest using this CFD model to 
improve the design of fan ventilation systems. 
3.2  Design of mechanical ventilation systems 
3.2.1  Effect of greenhouse length on the temperature 
regime of mechanically ventilated greenhouses 

For the first set of simulations, a relatively low 
outside air speed of 2 m/s was arbitrarily chosen, since it 
was intended to study the effect of combined fan 
ventilation and roof ventilation under unfavourable 
conditions.  Hence, if roof ventilation had a positive 
effect under low wind conditions, a more positive effect 
would be expected for higher wind conditions.  Four 
greenhouse lengths were used in the simulations: 28 m 
(as in the experimental greenhouse), 50 m, 75 m and  
100 m.  In the first set of simulations and for all 
greenhouse lengths, the fan airflows were the same as in 
the 28-m-long experimental greenhouse. For a second set 
of simulations, the airflow created by the fans was 
increased to analyse the effect of fan power on 
temperature distribution. 

Configuration 1: Figure 6 shows the temperature 
distribution at a height of 2 m for the 100-m-long 
greenhouse.  It is clear that temperature increased with 
greenhouse length; for the first 28 m from the air entrance 
wall, the increase in temperature compared to the outside 
air was less than 10 K for all points, whereas for the 
100-m-long greenhouse, some hot spots near the central 

span exit were 320 K (25 K) more than the outside air.  
The development of a linear temperature gradient in 
fan-ventilated greenhouses is a well-known fact that 
limits the recommended distance between air inlets and 
fan outlets[4].  As discussed in the introduction, this 
problem can be mitigated by shading the second part of a 
long greenhouse[11], but this may have direct implications 
on the crop response due to different light regimes. 

 
Figure 6  Configuration 1: Map of temperature at 2 m height 

 

Configuration 2: Figure 7 shows that, compared with  
Configuration 1, roof ventilation produced a general but 
moderate decrease in temperature, mainly in the area 
closest to the fan wall.  It can also be observed that roof 
ventilation created a displacement of the warmer areas, 
given that the hottest spots were near to the south end of 
the fan wall. 

 
Figure 7  Configuration 2: Map of temperature at 2 m height 

 

Configuration 3: Figure 8 shows a clear reduction in 
temperature in most of the areas of the 100-m-long 
greenhouse.  It seems that, in spite of the low wind 
speed used in this study and regardless of the fact that the 
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external wind was considered parallel to the greenhouse 
length, natural ventilation played a relevant role in the air 
exchange  process.   Table 3  shows  the  relative 
importance of mechanical and natural ventilation; for this 
configuration, some roof ventilators (such as those in the 
left and right spans) exchanged a greater amount of air 
than a single fan, whereas air exchange in the central span 
was relatively low.  Table 3 shows the net air exchange 
rate for each ventilator, i.e. the difference between inlet 
and outlet air through this specific ventilator.  Although 
the net value was low, the inlet and outlet air volume may 

 
Figure 8  Configuration 3: Map of temperature at 2 m height 

 
Table 3  Air exchange rate (per hour) through the inlet box 

ventilators and roof ventilators for the three configurations in 
the 100 m long greenhouse. (Negative values mean outlet air 

while positive values mean inlet air) 

Inlet ventilator Roof ventilators Fan ventilators Roof ventilator 
position 

Configuration 1 

Left 3.6   -3.6 

Central 3.6  -3.6 

Right 3.6  -3.7 

Total Rate (per hour) 10.9  -10.9 

 Configuration 2 
Roof windows open 30% 

Left 2 3.2 -3.6 

Central 1.9 1.4 -3.6 

Right 2 0.2 -3.6 

Total Rate (per hour) 5.9 4.9 -10.8 

  Configuration 3 
Roof windows open 100% 

Left 2 7.1 -3.6 

Central 2 2.4 -3.6 

Right 2 -4.8 -3.6 

Total rate (per hour) 6 4.7 -10.9 

have been considerable.  Besides increasing the 
ventilation rate, roof ventilation produced better mixing 
of the internal air; as a result, the temperature gradient 
along the greenhouse length observed in Configuration 1 
was clearly changed. 

The thermal gradient associated with greenhouse 
length in the three configurations can be clearly seen in 
Figures 9a, 9b and 9c, which represent the average 
temperature at a height of 2 m as a function of 
greenhouse length.  For the closed-roof greenhouse 
(Figure 9a), there was a strong linear regression between 
the increase in temperature and greenhouse length (linear 
regression equations were shown in Table 4), so that the 
four simulated greenhouse lengths (28 m, 50 m, 75 m and 
100 m) can be represented by a single linear regression, 
as shown in Figure 9a; with the roof ventilators closed, 
greenhouse length has to be limited to less than 50 m 
unless a greenhouse temperature that is 10 K above the 
outside air temperature is acceptable. 

For Configuration 2 (Figure 9b), there was also a 
good linear regression between temperature and 
greenhouse length (Table 4), but compared to 
Configuration 1, the slope of the regression line was 
lower.  For this configuration, greenhouse temperature 
was also dependent on greenhouse length.  Figure 9b 
shows that the temperature near the inlet wall increased 
as greenhouse length increased.  This can be explained 
by the fact that natural ventilation makes the greenhouse 
air exit through the windward area of the roof ventilator 
(as shown in Figure 5).  This air exit creates a backflow 
in the greenhouse that brings some warm air from the 
central area to the windward front wall.  In spite of the 
benefits of natural ventilation, as with Configuration 1, it 
is advisable to limit greenhouse length to avoid excessive 
temperatures.  Otherwise, the fan capacity has to be 
increased to reduce the change of temperature with length 
(this will be further discussed below). 

Configuration 3 is a different case.  Figure 9c shows 
that for the 100-m-long greenhouse, after the first 50 m, 
the greenhouse temperature remained nearly constant 
regardless of greenhouse length.  Under the 
unfavourable conditions of this study (greenhouse under 
sunny conditions with no transpiring crops), the increase 
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in temperature was around 10 K for the longest 
greenhouse. 

The air speed inside the greenhouse normalized by the 
outside wind speed is shown in Figure 10.  For the three 
configurations, the highest speed was found near the inlet 
wall.  The backflow mentioned above was probably 
responsible for this.  The air velocity then became 
relatively constant, but fluctuated more in Configurations 
2 and 3; natural ventilation may interfere with mechanical 
ventilation by creating this sort of air-speed fluctuation.  

In any case, with the exception of the first few metres 
near the inlet wall, the normalized air velocity was within 
the range of 0.10 to 0.20.  The ASABE code of practice 
for heating and ventilating greenhouses recommends not 
exceeding an air speed of 1 m/s across the plants; so the 
air speed in the greenhouses designed using CFD was 
below the maximum recommended value (for most 
outside wind speed conditions).  It was therefore 
possible to conduct more simulations with increased fan 
capacity. 

 

 
a. Configuration 1                               b. Configuration 2                               c. Configuration 3 

 

Figure 9  Profile of temperature with greenhouse length for Configurations 1, 2 and 3 at 2 m height.  
Linear regression adjustments for the 100 m long greenhouse. 

 

Table 4  Linear regressions between inside air temperature difference dT (K) and greenhouse length x (m)  
for three different fan capacities in the 100 m long greenhouse.  N1= 10.4 h-1; N2=15.5 h-1 and N3=23.7 h-1. 

Fan capacity (vol h-1) 
Case studied 

N1 N2 N3 

Configuration 1 Regression adjustment T = 0.1967x + 2.6647 
R2 = 0.9892 

T = 0.1186x + 0.526 
R2 = 0.9945 

T = 0.0752x + 0.7274 
R2 = 0.9945 

Configuration 2 Regression adjustment T = 0.1432x+3.871 
R2 = 0.9706 

T = 0.0995x + 4.6342 
R2 = 0.9599 

T = 0.0526x + 4.0606 
R2 = 0.8695 

Configuration 3 Regression adjustment T = 0.0551x+6.4677 
R2 = 0.956 

T = 0.0468x + 6.1819 
R2 = 0.9618 

T = 0.0209x + 6.0555 
R2=0.418 

 
a. Configuration 1                               b. Configuration 2                              c. Configuration 3 

 

Figure 10  Greenhouse air speed normalized by outside air speed for Configurations 1, 2 and 3  
for the 28 m long greenhouse and the 100 m long greenhouse at 2 m height 
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3.2.2  Effect of fan flow on the temperature regime of 
mechanically ventilated greenhouses 

For the second set of simulations, two different  
pressure drops across the fans were used to produce air 
exchange rates of 15.5 and 23.7 air changes per hour in 
the 100-m-long greenhouse.  It was advisable to 
maintain fan capacity within this range in order to keep 
the internal air speed within the range recommended by 
ASABE[4].  For the sake of brevity, simulations were 
done only for the 100-m-long greenhouses and sections of 
the appropriate lengths were used to represent the shorter 
greenhouses. 

Figure 11 compares the thermal gradient along the 
100-m-long greenhouse for the three configurations and 

three airflow rates (the one presented in Figure 9 plus the 
two new ones for this set of simulations).  Figure 11a 
shows the effect of increasing the fan flow for 
Configuration 1.  There is a very good linear regression 
between temperature and the distance from the inlet wall 
for the three airflows considered in this study. 

Figure 11 showed that for the highest ventilation rate, 
the increase in temperature had a moderate slope, so that 
the greenhouse temperature at 100 m from the inlet air 
wall was approximately 8 K higher than the outside air.  
This increase in temperature is expected to be lower in 
greenhouses with a transpiring crop or in greenhouses 
with an additional cooling method such as evaporative 
cooling using fog systems[9].  

 
a. Configuration 1                               b. Configuration 2                              c. Configuration 3 

 

Figure 11  Thermal gradient with greenhouse length and the regression lines for Configurations 1 2 and 3  
for three different ventilation rates 

 

3.2.3  Study of the front wall inlet opening 
For this third set of simulations, the discrete inlet 

boxes shown in Figure 1 were replaced by one continuous, 
rectangular inlet in the front wall measuring 22.5 m long 
by 1.4 m high (Figure 12).   This height was chosen so 
that it was the same as the height of the inlet box for 
comparison purposes.  With these dimensions, the new 
inlet area was 3.75 times greater than the area of the fans.  
The new continuous opening was covered with an 
insect-proof screen with the same airflow resistance as 
the one used in the ventilators.  The boundary conditions 
set were the same as the ones used for the study of 
Configurations 1, 2 and 3. For the sake of brevity, only 
the results from Configuration 3 with the continuous inlet 
opening are presented. 

Figure 12 shows the map of temperature at a height of  

2 m for this greenhouse.  This figure can be compared to 
Figure 8, obtained for the same greenhouse configuration 
and fan flow, but with a different inlet.  The beneficial 
effect of the increased inlet area can be seen by the 
temperature reductions in the areas near the inlet wall and 
the central areas of the greenhouse.  The temperature 
areas near the exhaust fans remained more or less the 
same as in the greenhouses with the box inlets.  At the 
far end of the greenhouse, the increase in inlet size did 
not make any significant difference in temperature. 

Figure 13 can be considered a summary of this 
ventilation study.  It compares the temperature profile 
for natural ventilation alone with the best combinations of 
natural and mechanical ventilation for the configurations 
studied.  Under the demanding conditions imposed for 
the simulations (high solar radiation, no transpiring crops, 
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insect-proof netting on the ventilators and wind parallel to 
the roof ventilators), natural ventilation alone created 
excessively high greenhouse temperatures with some very 
hot spots near the windward front wall (Figure 13), given 
that an internal backflow opposite the external wind 
direction was created[22].  

 
Figure 12  Map of temperature at 2 m height for Configuration 3 

with increased inlet area. 
 

 
○ With greenhouse length for roof ventilation only (no fan ventilation)  
◆ Mechanical ventilation with maximum fan capacity and box inlet  
□ Mechanical ventilation with maximum fan capacity and increased inlet area 

 

Figure 13  Comparison of thermal gradient in three cases for 
Greenhouse with Configuration 3  

 

For the maximum fan capacity tested in this study, the 
combination of natural and mechanical ventilation created 
a more favourable temperature regime, and using one 
enlarged, continuous inlet instead of discrete box inlets 
further reduced the temperature near the inlet wall 
because it eliminated the circulation cells observed in 
Figure 4.  

This study highlights the value of using numerical 
simulations as a way of improving the design of climate 
control systems for greenhouses.  After model validation, 

simulations can be used to detect the constraints of 
existing designs, such as the development of undesirable 
hot spots, and to evaluate design modifications to solve 
the problems identified.  The suggested modifications 
can be simulated again until a suitable design solution is 
achieved. 

The study showed the merit of combining natural 
ventilation and mechanical ventilation, although the 
advantages of this combination depend on greenhouse 
length.  For the 28-m-long experimental greenhouse, the 
air exchange produced by mechanical ventilation was 
significantly greater than natural ventilation so the effect 
of roof ventilators on the internal climate was limited.  
For longer greenhouses, the relative importance of natural 
ventilation increased, whereas the air exchange produced 
by mechanical ventilation remained nearly the same.  As 
a consequence, the combination of the two ventilation 
methods is more advantageous for long greenhouses.  

It is important to note that the air exchange rate is not 
necessarily a good indicator of the efficiency of the 
ventilation system.  As mentioned by some studies[17,18], 
a high ventilation rate does not guarantee the uniformity 
of the greenhouse climate.  Natural ventilation combined 
with mechanical ventilation produced better mixing of the 
internal air.  As a result, the temperature distribution for 
Configurations 2 and 3 was more uniform than for 
mechanical ventilation alone, as shown by the slope of 
the regression lines for the greenhouses. 

The results for Configuration 3 were more favourable 
than those for Configuration 2.  If the greenhouse has 
roof ventilators, it seems reasonable to open them as 
much as possible.  The partial opening of the roof 
ventilators was tested to address the concern of having an 
inconvenient flow pattern due to the combination of fan 
and roof ventilation, but this situation did not arise.  

This study shows that for 100-m-long greenhouses it 
is possible to keep the interior temperature to less than  
7 K above the outside air under unfavourable conditions 
(no transpiring crop, high solar radiation, low external 
wind speed and insect-proof screens on the ventilators).  
To achieve this goal, mechanical ventilation has to be 
combined with natural ventilation.  Also, the fans should 
be able to provide air exchange values close to 25 vol/h 
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and the air inlet area should be significantly larger than 
the area of the fans (3.75 times larger for this study).  

The results presented in this study should help in the 
design of more efficient mechanical ventilation systems.  
Nevertheless, some related subjects must be addressed; in 
particular the response of the greenhouse to winds not 
parallel to the greenhouse axis and the effect of combined 
ventilation for structures with widths of more than three 
spans. 

4  Conclusions    

A 3D numerical simulation model of a fan-ventilated 
and roof-ventilated greenhouse was developed and 
validated by experimentation.  For the three 
configurations studied (mechanical ventilation alone, 
mechanical ventilation plus roof ventilators open 30% 
and mechanical ventilation plus roof ventilation open 
100%), the agreement between experimental and 
simulated values was good in terms of the air exchange 
rate and temperature distribution. 

Roof ventilation combined with mechanical 
ventilation improved the air exchange rate and climate 
uniformity of the greenhouse due to better mixing of the 
internal air than the mixing produced with mechanical 
ventilation alone.  The effect of roof ventilation was 
more relevant for 100-m-long greenhouses than for the 
shorter experimental greenhouse. 

In most of the cases studied, there was a strong linear 
correlation between the temperature gradient and 
greenhouse length.  The regression line with the steepest 
slope was the one for the greenhouse with closed roof 
ventilators. 

As expected, increasing the fan capacity produced a 
general reduction in temperature, but the effect was less 
pronounced for the roof-ventilated greenhouses.  
Maximum fan capacity is limited by the maximum 
tolerable air speed in the canopy area to avoid plant 
damage. 

Compared to the box inlet ventilators, an enlarged, 
continuous inlet in the wall opposite the fans increased 
overall system performance because it eliminated 
backflow recirculation zones, which are prone to produce 
high temperatures. 

Under the unfavourable conditions considered in this 
study, it is possible to have good ventilation in 
100-m-long greenhouses, provided that the 
recommendations suggested in this analysis are taken into 
consideration. 
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Notations 
c(t) Tracer gas concentration in time t, ppm 
co Initial tracer gas concentration, ppm 
p Air pressure, Pa 
t Time, s 
u Air velocity, m/s 
Hsc Heat transferred from soil surface to 

greenhouse air, W/m2 

Qsoil Soil heat flux to deep ground, W/m2 
RI Outside solar radiation, W/m2 
RIa Fraction of radiation that passes through the 

film cover, W/m2 

Rα Radiation fraction reflected 
Vt Air exchange rate, per hour 

 Concentration of transported quantity 

 Diffusion coefficient, m2/s 

S Source term 

 Albedo 

 Screen porosity 
∂p Drop in pressure through a porous media, Pa 
∂x Thickness of the porous media, m 
γ Overall greenhouse transmissivity 

 Density of air, kg/m3 

 Kinematic viscosity of air, m2/s 
K Permeability of the medium, m2 
CF Non-linear momentum loss coefficient 
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