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Introduction
Greenhouse microclimate is characterised by the four main factors
that affect crop development: solar radiation, air temperature and
humidity and CO2 concentration.

Classic climate models developed for control purposes, based in the
energy and mass balances inside the greenhouse, suppose the
homogeneity of these parameters.
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However, the great dimensions of modern commercial greenhouses
generate differences in the values of these parameters that can affect
the development of plants, resulting in differences of productivity,
water consumption or heating requirements.
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Introduction

200 m
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Introduction

7ºC

22 ppm

15%

24 m

Great differences were observed
in values of this parameters
inside greenhouses.
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Introduction

As consequence of the necessity of knowledge of the
distribution of air temperature, humidity and CO2,
Computational Fluid Dynamic software began to be used
at the end of the last century.
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The use of the CFD technique to simulate greenhouses
microclimate requires the modelling of the effect of
plants in the transport of energy, water vapour and CO2.

Haxaire (1999) included the effect of resistance of
plants to the air movement using a drag coefficient Cd

characterising a tomato crop.
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Introduction

Introduction
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Boulard and Wang (2002) simulated crop transpiration
inside a tunnel greenhouse customising the CFD
program to include models of crop heat exchanges and
global solar radiation.
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Fatnassi et al. (2002-2006) also incorporated the
sensible and latent heat exchanges between plants and
air inside greenhouse including in the CFD software
programed user-defined functions (UDF).
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Roy et al. (2014) also programed an UDF to include a
photosynthesis model (Thornley, 1976) to compute the
plants absorption of CO2 inside a greenhouse with CO2

supply.
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The dynamic evolution of greenhouse microclimate
includes energy transfers (convection, conduction,
radiation and heat storage) and mass transfers (air,
water vapour and CO2) between different elements
composing a complex system: a fluid being a mixture of
gases, greenhouse cover, insect-proof screens, soil and
plants.
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Objective

The objective of the present work was to develop and
validate a bi-dimensional CFD model to simulate the
plants photosynthesis inside a naturally ventilated
Almería-type greenhouse.

To include photosynthesis in the numeric model a UDF
was programed.
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Experimental measurements were carried out in a five
spans Almeria type greenhouse with a “raspa y amagado”
structure (with pitched roof), the most widely used in the
province of Almería.

12

Materials and methods
Experimental setup

The experimental greenhouse (Sc=1850 m2 & Vinv=4770 m3) was located on the
University of Almería's Campus (latitude: 36º 50', length: 2° 23', altitude: 2 m).
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This greenhouse was equipped with two side openings
and two roof openings perpendicular to the prevailing
Levante winds from northeast.

13

Side vents SVS=56.8 m2 (3%) Roof vent openings SVR =38.4 m2 (2%)

Materials and methods
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Meteorological Station

2D Anemometers Zone 2: Tomato (soilless)

Zone 1: Whitout crop

3D Anemometers
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Inside air temperature Ti and absolute humidity xi

were measured at 6 locations below the two roof
openings.
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16

Sensors installed in zones 1 & 2

1 – psychrometric units inside radiation shield; 2 & 3 – pyranometers
and quantum sensors; 4 – 3D sonic anemometer; 5 – dataloggers; 11 –
thermistors; 12 – heat flux sensor.
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The photosynthetic assimilation Pc and transpiration
rates ET of plants were measured with a portable sensor
LCi Photosynthesis System.

The system also provides measures of PAR radiation and
leaf temperature Tp (by energy balance).

Photosynthesis
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Sensors installed in the greenhouse
Parameter Sensor Manufacturer Range Accuracy

Ti – Inside air temperature
12 × CS215

Campbell Scientific Spain S.L., 

Barcelona, Spain

5 °C -40 °C ±0.4 °C

xi – Inside absolute humidity 10-90% ±2%

Rsi – Inside solar radiation
SP1110 pyranometer 350-1100 nm ±5%

Rso – Outside solar radiation

Rn – Net radiation NR-Lite Kipp & Zonen B.V., Delft, Netherlands ±2000 W m–2 ±5%

Ts0 – Soil temperature at 0.01 m and 0.1 m
Betatherm 100K6A 

thermistor
Measurement Specialties, Inc., Galway, 

Ireland
–5 °C-95 °C ±0.49 °C

Ts0.2 – Soil temperature at 0.2 m TCAV thermocouple Campbell Scientific Spain S.L. –40 °C-375 °C ±1.5 °C

Tc – Cover temperature OMEGA® OS540 Omega Engineering Inc., Stanford, USA –20 °C-420 °C ±2%

QS – Soil heat flux at 0.2 m depth HFP01
Hukseflux Thermal Sensors B.V., Delft, 

The Netherlands
±2000 W m–2 –15 +5%

vv – Air velocities in the openings

6 × Windsonic 2D
Gill Instrument LTD, Lymington, 

Hampshire, UK
0-60 m s–1 ±2% & ±3°

2 × CSAT3 3D Campbell Scientific Spain S.L.
0-30 m s–1 ±0.04 m s–1

–30 °C-50°C ±0.026 °C

PL – Net photosynthesis
LCi-SD sensor

ADC Bio Scientific Ltd.,

Hoddsdon, UK

0-75 mbar (H2O)
±2%

Ci – Inside CO2 concentration 0-2000 ppm

Tp – Leaf temperature
Betatherm 100K6A 

thermistor
Measurement Specialties, Inc., Galway, 

Ireland
–5 °C-95 °C ±0.49 °C

Ce – Ouside CO2 concentration TESTO® 445 Testo S.A., Cabrils, Spain 0-10000 ppm ± 50 ppm

uo – Outside wind speed Cup anemometer
Davis Instrument Corp., Hayward, USA

0-78 m s–1 ±5%

Ө – Outside wind speed Vane 0-360° ±7°

Te – Outside air temperature HOBO® Pro RH-Temp 
H08-032-08

Onset Computer Corp., Pocasset, USA
–20 °C-70 °C ±0.3 °C

xe – Outside absolute humidity 0-100% ±3%

Validation of the CFD model
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The greenhouse ridge was orientated northwest–southeast,
practically perpendicular to the northeast Levante wind, and the
structure had a sufficiently symmetrical shape to be simulated
in two dimensions.

Numerical model
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3 Windward side openings

3 Windward roof openings

3 Leeward side openings

3 Leeward roof openings

Air velocities measured by the three anemometers of each
openings were very similar showing the symmetric airflow.
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Numerical model
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Airflow, temperature, humidity and CO2 distributions
were simulated inside the Almería greenhouse with the
CFD commercial package ANSYS Fluent® v16.2.

Numerical model



U
N

IV
E
R

S
ID

A
D

 D
E
 A

L
M

E
R

ÍA

22

The model included the experimental greenhouse and a
neighbouring greenhouse in a domain of 160 × 25 m.

Numerical model
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In the zone of the vent openings and around the crop,
where the airflow description was more important, a
higher grid density was used .

Numerical model

Parameters
Domain size 160 m  25 m
Element type triangular & rectangular
Minimum elements size in the domain 0.005 m
Maximum elements size in the domain 0.5 m
Minimum orthogonal quality 0.45
Maximum orthogonal skew 0.37
Maximum aspect ratio 5.31
Cells number 156 693
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In the windward limit of the domain a velocity inlet
boundary condition was used programing an UDF to
include velocity, turbulent dissipation rate and
temperature profiles.

Numerical model

Boundary Condition

Windward boundary: Velocity inlet

Wind speed: profile (UDF , Molina-Aiz et al., 2016) 𝑣 𝑦 =
𝑣∗

𝐾𝑉𝐶
𝑙𝑛

𝑦+𝑦0

𝑦0

Von Kármán constant: KVC=0.42
Ground roughness height y0=0.015 (m)

Turbulent Kinetic Energy: constant (UDF) 𝜅 =
𝑣∗2

𝐶𝜇

Parameter of the turbulent model: Cμ=0.09

Turbulent Dissipation Rate: profile (UDF) 𝜀 𝑦 =
𝑣∗3

𝐾 𝑦+𝑦0

Temperature: profile (UDF ) 𝑇 𝑦 = 𝑇0 −
𝑇∗

𝐾𝑉𝐶
𝑙𝑛

𝑦+𝑦0

𝑦0
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Insect-proof screens

25

Roof vent openings Side openings

10×16 thread cm–2

porosity j = 0.39 

10×20 thread cm–2

porosity j = 0.34

Materials and methods

The insect-proof screens were modelled with the
Dupuit-Forchheimer equation, throughout the porous
jump model of the CFD software:

𝜕𝑃

𝜕𝑥
= −

𝜇

𝛼
𝑢𝑥 + 𝐶2

1

2
𝜌 𝑢𝑥 𝑢𝑥
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𝜕𝑃

𝜕𝑥
= −

𝜇

𝐾𝑝
𝑢𝑥 +

𝑌

𝐾𝑝
1/2 𝜌 𝑢𝑥 𝑢𝑥

Inertial factorPermeability

Insect-proof screens
Materials and methods

Permeability Kp and the inertial factor Y were obtained
from measurements in a wind tunnel (Molina-Aiz et al.,
2009).
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Insect-proof screens
Materials and methods

Greenhouse openings Side Roof

Measured values

Porosity, φis 0.394 0.341

Thread density, ρis (threads cm–2) 10.216.3 9.919.8

Porous size (length  height), Lis  His (μm) 337.2  694.1 233.0  741.3

Thread diameter, Dis (μm) 278.2 271.9

Permeability, Kp (m2) 6.92  10–10 2.60  10–9

Inertial factor, Y 0.193 0.254

Values in the CFD porous jump model

Thickness, eis (m) 567.3  10–6 371.3 10–6

Face permeability: α=Kp (m2) 6.92  10–10 2.60  10–9

Pressure-Jump coefficient : C2=2Y/Kp
1/2 (m–1) 14673.5 9962.7
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Materials and methods

The effect of aerodynamic resistance produced by the
airflow through the crop canopy was modelled as a
porous media (Wilson and Shaw, 1977):

Modelling of the canopy

𝜕𝑃

𝜕𝑥
= −𝐶𝑑𝐿𝐴𝐷𝑟𝜌𝑢𝑥

2

Cd canopy drag coefficient
LADr crop leaf area density (m2·m–3)
vx air velocity (m2·s–1)
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Modelling of the canopy

Measured values

Plant leaf area, ap (m2) 0.2175

Distance between plant in the row, dR (m) 0.5

Height of plants, hp (m) 0.4

Gap between the rows, gR (m) 1.2

Width of row, wR (m) 0.3

Number of row, nR 7

Leaf area index, LAI (m2
leaf m

–2
ground) 0.29

Leaf area density, LAD (m2
leaf m–3) 0.72

Tomato drag coefficient, Cd 0.25

Values included in the CFD model

Leaf area index inside the row, LAIr (m2 m–2 
row) 1.45

Leaf area density inside the row, LADr (m2 m–3 
row) 3.63

Viscous resistance: C1 (m–2) 0

Inertial resistance: C2=2CD LADr (m–1) 1.81

dR

gR

hp
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Ground surface and the plastic cover of the greenhouse
were modelled as wall boundary conditions using
values of measured temperatures.

Numerical model

Parameter Symbol Units Day 1 Day 2

Outside temperature at 4 m height To (ºC) [(K)] 17.5 [290.7] 18.3 [291.5]

Outside wind speed at 4 m vR (m s–1) 2.57 5.98

Outside H2O mass fraction xo (kg kg–1) 0.0065 0.0048

Outside CO2 mole fraction Co (mol mol–1) 0.000398 0.000409

Outside solar radiation RSo (W m–2) 763 825

Inside solar radiation RSi (W m–2) 556 632

PAR measured at the leaves QPARL (μmol m–2 s–1) 790 837

Solar radiation absorbed by the crop QabC
(W m–2

leaf) 132.7 140.7

Greenhouse cover temperature Tc
(ºC) [(K)] 21.7 [294.9] 21.1 [294.3]

Soil temperature in the area without crop Ts - wc
(ºC) [(K)] 32.5 [305.7] 27.9 [301.1]

Soil temperature in the area with crop Ts - c
(ºC) [(K)] 30.1 [303.3] 26.6 [299.8]

Outside soil surface temperature Tso
(ºC) [(K)] 25.1 [298.3] 23.8 [297.0]

Transpiration measured with LCi sensor EL
(mol m–2

leaf s–1) 4.7110–3 3.88  10–3

Transpiration source of H2O in the model SH2O
(kg m–3 s–1) 3.0810–4 2.5410–4

Leaf temperature measured with the sensor TL
(ºC) 35.8 31.5

Sensible heat flux Sh
(W m–3) –469.8 –275.6
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Crop transpiration EL was modelled as a constant source
of water vapour SH2O equal to the values measured
experimentally with the LCi sensor in the leaves of
tomato plants.

Numerical model
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The sensible heat exchange was simulated as a constant
volumetric heat source, computed as the difference
between the radiation absorbed by the crop measured
with the LCi sensor QabC and the latent heat removed by
transpiration (Monteith and Unsworth 2013):

Sh= (QabC – EL λvm) LADr (W m–3) 

EL (molH2O m–2
leaf s–1) measured crop transpiration.

LADr (m2
leaf m–3

row) leaf area density in the plants rows.
λvm (J mol–1) molar latent heat of vaporization of water.

Numerical model

EL λvm

QabC

Sh
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The ANSYS Fluent® solver computes the mass fractions of carbon
dioxide in the air YCO2 at each cell of the model domain solving the
convection-diffusion equation for the CO2 (ANSYS 2013):

𝝏

𝝏𝒕
𝝆𝒀𝑪𝑶𝟐 + 𝜵 · 𝝆𝒗𝒀𝑪𝑶𝟐 = −𝜵 · Ԧ𝑱𝑪𝑶𝟐 + 𝑺𝑪𝑶𝟐

Numerical model

Canopy photosynthesis rate Pcg was calculated in the UDF using the
photosynthesis model of Acock (Acock et al., 1976) modified by
Nederhoff and Vegter (1994b):

𝑺𝑪𝑶𝟐 = −𝑷𝒄𝑪𝑭𝑫 =
𝑳𝑨𝑫𝒓

𝑳𝑨𝑰𝟏𝟎𝟎𝟎 ൗ
𝒈
𝒌𝒈 𝟑𝟔𝟎𝟎[ ൗ𝒔 𝒉]

𝑹′ − 𝑷𝒄𝒈 (𝐤𝐠 𝒔−𝟏𝒎−𝟑
𝒓𝒐𝒘)
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Canopy photosynthesis rate was calculated in the UDF using the
photosynthesis model of Acock (Acock et al. 1971 & 1976) modified by
Nederhoff and Vegter (1994b):

𝐏𝐜𝐠 =
∝𝐜 𝐉𝟎 𝛕𝐜 𝐂

′𝟑𝟔𝟎𝟎[ Τ𝐬 𝐡]

∝𝐜 𝐉𝟎+𝛕𝐜 𝐂′
(g CO2 h–1 m–2

ground area)

35

Numerical model

The light use efficiency of the plant canopy and the conductance of CO2 were
(Nederhoff and Vegter 1994b):

𝛂𝐜 = 𝛂𝐋
𝟏−𝐞𝐱𝐩(−𝐊𝐋𝐀𝐈)

𝟏−𝐦
(g CO2 J–1) 𝝉𝒄 =

𝒂𝑨

𝒃𝑨 𝑲
𝒍𝒏

𝒃𝑨𝑺𝟎𝑲+(𝟏−𝒎)

𝒃𝑨𝑺𝟎𝑲𝒆𝒙𝒑 −𝑲𝑳𝑨𝑰 +(𝟏−𝒎)
(m s–1)

K=0.94, αL=8.610–6 (g CO2 J–1), aA=8.5×10–5 (m–3 J–1), bA=0.021 (m2 s J–1)
m=0.1 (Acock et al., 1978; Nederhoff and Vegter, 1994a).
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Results and discussion

A good agreement can be observed between the
simulated airflow and the velocities measured in the
greenhouse openings with the anemometers.

Airflow patterns
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Results and discussion

Outside air entered the greenhouse through the
windward side openings exiting by the two roof vents.

windward side opening 

windward roof opening 

leeward roof opening 

Airflow patterns
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Results and discussion

In both simulations, a vortex was observed between the
leeward side wall and the road, located at 2.2 m of the
wall.

As consequence of this vortex, air entered and exited
through the leeward side vent with a low velocity.

Airflow patterns
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The simulated temperature distributions show the
entrance of outside cold air by the windward side opening.

Temperature distributions

Results and discussion
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The warm air exited the greenhouse through the two roof
vents, observing the higher temperatures below the
leeward roof opening located in the fourth span.

Results and discussionTemperature distributions
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Due to the little effect of the plant cooling, resulting of the
low crop development (LAI=0.29 m2 m–2) and the reduced
surface occupied in the greenhouse (35% of the ground
surface), inside air was until 10 ºC hotter than outside air.

Results and discussionTemperature distributions
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The greater temperature of the leeward part of the
greenhouse, produced by the lower ventilation, was
observed (experimentally and with CFD simulations) in a
previous work (Molina-Aiz et al., 2004) in the same
experimental greenhouse but with only a central roof vent.

Results and discussionTemperature distributions
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Simulations showed an increase of humidity in the area
occupied by the crop as consequence of the plants
transpiration included in the CFD model.

Measured data the first day showed higher humidity in the
windward part of the greenhouse than in the leeward part.

This humidity distribution can be produced by evaporation from the
soil after irrigation.

Humidity distributions Results and discussion
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Simulations of CO2 distribution show a reduction of the
concentration in the leeward part of the greenhouse
where the plants absorb the gas by photosynthesis.

This reduction was very weak due to the low
development of the crop at the moment of
measurements (LAI=0.29 m2 m–2).

CO2 distribution Results and discussion
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The great variability of measured values of
photosynthesis inside the crop canopy (differences of
47.9% between rows) resulting in greater values of
RMSPE (19.7-36.1%).

10.3 μmol m–2 s–1 16.8 μmol m–2 s–1

Results and discussion
Crop photosynthesis
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These values of photosynthesis (1.6-2.8 gCO2 m–2leaf h–1)
were similar to the values of 2.9 gCO2 m–2leaf h–1

measured in plants of tomato growing inside a Venlo-
type glasshouse by Nederhoff and Vegter (1994a).

The measured values also agreed with the net
photosynthesis of 10-15 μmol m–2leaf s–1 reported by
Ayari et al. (2000) for tomato crop inside a four-span
arched greenhouse and by Shibuya et al., (2006) for
tomato seedlings in a growth chamber.

Results and discussion
Crop photosynthesis
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From validation of the developed CFD model of a
naturally ventilated Almería-type greenhouse with a
tomato crop inside, we can conclude that plants
photosynthesis can be simulated accurately with CFD
including a user-defined function (UDF) in the numerical
model.

Values of simulated net photosynthesis agree with the
measured in the experimental greenhouse and with the
values reported in bibliography.

Conclusions
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Thank you
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