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Abstract - The energy balance components of a greenhouse as well as the greenhouse
design may strongly impact the greenhouse energy. Few studies were devoted to the
description of the energy balance components of a greenhouse located in the semi arid
region of the southern Mediterranean basin, and no attention was paid to the prediction
of the inside air temperature. In this study, experiments were undertaken to investigate the
response of a greenhouse to the outside climate conditions considering a naturally
ventilated Venlo glasshouse with a tomato crop. The measurements show that the
difference between inside and outside air temperature is strongly linked to the incoming
solar radiation as well as to the wind speed. From these results a simplified model was
established to predict the greemhouse air temperature, knowing the greenhouse
characteristics and the outside climate variables. The model is based on the energy
balance of the greenhouse. Using a parameter identification technique, the model was
calibrated against the experimental results. A sensivity analysis was conducted to assess
the impact of several physical parameters such as solar radiation, wind speed and cover
transmission on the evolution of the inside air temperature. This model appears to be
suitable for predicting the greenhouse air temperature satisfactorily.

Résumé - Les composantes énergétiques d'une serre agricole ainsi que sa conception
peuvent avoir un impact important sur son bilan énergétique. Peu d'études ont été
consacrées a la description des composantes du bilan énergétique d'une serre agricole
située dans les régions semi-arides du Sud du bassin Méditerranéen. Désormais aucune
attention n'a été accordée a la prévision de la température de l'air intérieur des serres
agricoles dans ces régions. Dans cette étude, des expériences in situ ont été entreprises
pour étudier la réponse d'une serre agricole aux conditions climatiques extérieures, en
considérant une serre de type Venlo naturellement ventilée avec un sol couvert par des
plants de tomate. Les mesures montrent que la différence entre la température intérieure
et extérieure est fortement liée au rayonnement solaire incident, ainsi que la vitesse du
vent. A partir de ces résultats, un modele simplifié a été établi pour prédire la
température de l'air intérieur de la serre, en connaissant les caractéristiques de la serre
et les données climatiques extérieures. En utilisant une technique d'identification des
paramétres, le modéle basé sur le concept du bilan énergétique a été calibré par rapport
aux résultats expérimentaux. Une analyse de sensibilité a été réalisée pour évaluer
l'impact de plusieurs paramétres physiques tels que le rayonnement solaire, la vitesse du
vent et la transmission de la couverture sur l'évolution de la température de l'air. Le
modeéle établis semble convenir pour prédire la température de l'air de la serre de
maniére satisfaisante.
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1. INTRODUTION

A greenhouse is an enclosed structure that protects the crops from the outside
environment by creating favourable conditions, which traps the short wavelength solar
radiation and stores the long wavelength thermal radiation to create a microclimate for
higher productivity. Managing the greenhouse microclimate is essential to maintain an
optimum inside environment during the different stages of plant growth. The modelling
of climate parameters of the greenhouse is an interesting approach to evaluate the
microclimate in greenhouses and to test different scenarios.

During the last thirty years, greenhouses have expanded all over the world and in
arid regions in particular [1]. In these warmer regions (arid and semi-arid regions) are
characterized by high winter insulation [2]. However, the challenge concerns the control
of the microclimate during the winter season, since the greenhouse cultivation is
restricted by meteorological conditions at that season. The inside air temperature of the
greenhouse is one of the key parameters that influences crop production. The prediction
and the control of this parameter are therefore essential to maintain other parameters at
acceptable levels, to prevent plant stress, and to improve economic heating system.
Several studies of the inside air temperature of greenhouses have been conducted,
mainly under temperate or Mediterranean conditions, and several works focussing on

the modelling of this variable have been published.

Kittas et al. [3] conducted an experimental study inside a tunnel greenhouse without
crop; he could deduce a model to estimate the ventilation needs. Zhao et al. [4]
performed an experimental study of the vertical distribution of temperature and
humidity inside a closed and naturally ventilated greenhouse. Kittas et al. [5] developed
a model to predict internal air temperature profiles in a shaded greenhouse with
evaporative cooling under Mediterranean climatic conditions. For an unheated and
naturally ventilated greenhouse and under Western European climatic conditions,
Uchida Frausto et al. [6] investigated the climate variables to include into models to
simulate the inside air temperature.

Several studies provided empirical formulae inferred from in situ measurements to
calculate the inside air temperature [3-5]. One limitation of these models however is the
a priori specification of the greenhouse design, and climatic conditions corresponding to
a given region. As a result, there is no general equation covering all greenhouse designs
and all outside climatic conditions, and it is systematically required to estimate the
parameters of the model from in situ measurement.

To our knowledge, up to now, very few studies dealt with the estimation of the
energy balance components of a greenhouse in the semi arid region of the southern
Mediterranean basin [2], and of many trials, none had been carried out for a Venlo
greenhouse with tomato crop. In the southern Mediterranean basin, the bioclimatic stage
is semi-arid and the use of greenhouses for crop production is rapidly increasing.
However, the characterization of the energy balance of the greenhouses for this
bioclimatic zone still remains to be done and achieving favourable environment
becomes essential in order to warranty the greenhouse feasibility [22, 23].

Few investigations of the performance of greenhouses in southern Mediterranean
climates have been undertaken so far and the involved physical mechanisms remain
poorly understood. Some progress was made in recent years since the energy balance
and the behaviour of the indoor microclimate has long become a matter of concern in
the studies conducted by [24-27].
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In the case of the area of Batna (a semi arid region of the southern Mediterranean
basin, situated in the North-Eastern Algeria), greenhouses are generally closed or
moderately ventilated during a large part of the growing season.

Under these climatic conditions, Mesmoudi ef al. [7] presented an analysis of the air
temperature profiles observed inside a long plastic greenhouse. The thermal behaviour
of the greenhouse was however not modelled at that time. Within this context, the
scientific objective of the present work is to propose a simple model based on the
energy balance of the greenhouse for the prediction of the inside air temperature and to
proceed to calibration and validation against in situ measurements.

An empirical formula is first derived to get the inside air temperature as a function
of the outside measured climatic conditions. Secondly, the impact of solar radiation,
wind velocity and greenhouse cover transmissivity on the inside air temperature is
analysed into details.

2. MATERIALS AND METHODS

2.1 Basic theory

Inside a greenhouse, energy inputs equal the sum of the energy losses and
greenhouse transient energy content. Usually, the greenhouse microclimate is
represented by the climate in the middle of the enclosure, and five factors mainly affect
the inside air temperature of the greenhouse: the heat gain, the ventilation losses
(sensible and latent), the crop transpiration, the soil evaporation, and the heat loss
coefficient of the cover. The energy balance equation combines these factors and can be
written as follows under steady state conditions [8]:

Qsol _ Qcov 4 Qvent 4 Qevp 4 Qsto (1)
Where QSOl (W/m?) is the incoming solar radiation; Q°Y (W/m?) is the overall heat
transfer at the cover surface (including convective and radiative losses); QVent (W/m?)
is the heat loss by infiltration and ventilation (i.e. the sensible and latent heat exchanges
by ventilation); QStO (W/m?) is the heat storage in the greenhouse. As it is much smaller

cov

than the other fluxes during the diurnal phase, it can generally be neglected. Q™" and

Q™ may be written as:

S..h
QCOV === (Tai - Tae) (2)
g
p.C,.G
Qvent _ S—p(Tai - T,e) 3)
g

With h, the overall heat exchange coefficient (W/m?K), S o the area of the cover, Sg ,

the area of the ground (m?), T,;, the temperature of the inside air of the greenhouse,

i
and T, , the temperature of the surrounding air (K); p is the density of the air (kg/m?),

C,, the specific heat of the air (J/kg), and G, the ventilation rate (m®/s). The other

components of the energy balance may be expressed as:
Q¥ = 1R (4)

QeVp — 8.1{1'16t (5)
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R is the solar (global) radiation flux outside the greenhouse (W/m?) and t is the
greenhouse cover transmissivity to solar radiation. Q°'P | is the part of heat used in the
transpiration of the canopy (W/m?), this , this heat takes part of the incoming net

radiation R™" ¢ is the ration of latent heat flux to net radiation, this coefficient is an
'evaporation coefficient', which estimates the fraction of total radiative load taken up by
evaporation in the greenhouse. the range for this coefficient is assumed to be zero to
one. Value closer to zero are recommended for space plants surrounded by dry soil in a
humid climate, while values closer to one are recommended for lust vegetation in an
arid region [9]. No further detail is given for the proper selection of €, and standard
examples [10] often use € = 0.5. Assuming that R"" is very close to the incoming

radiation QSO1 , and neglecting the thermal inertia of the greenhouse, combining {Eq.

(2) to (5)} with {Eq. (1)} yields.
TR(1-8) =Segh(Ty = Tpe) = PCp Gy (Ty = Tye) = 0 (6)
Scg represents the ratio between the surface of the cover S, and the ground surface
Sg , and Gg represents the greenhouse ventilation rate (m*/s.m?) per unit floor area

(G/ Sg ). Generally, for a single-glazed greenhouse, the heat exchange coefficient of the

greenhouse cover h is significantly affected by wind speed [11], and can be expressed
as follows:

h=a+b.U, @)
Where a and b are constants and U, is the outside air speed -m/s). Combining [Eq.
(6)} and {Eq. (7)}, the temperature of the inside air of the greenhouse may be dedeuced:
TR(1-¢)

Tai = Tae +
aSg +bS, U, +pC, G,

®)

When the greenhouse is opened (naturally ventilated), the air exchange is mainly
due to ventilation and leakage. For wind speeds higher than 1-1.5 m/s, the stack
(buoyancy) effect is small compared to the wind effect, and the ventilation rate is only a
function of the wind [12, 20]. The calculation of the air exchange due to naturally
ventilation can be expressed by {Eq. (9)} according to [13, 14].

WU, +v
G, = se—‘) 9
g
W = 058,CyC% (10)

Where W is a constant that depends on: S;, the equivalent area of openings and

leakage (m?), C,4, the discharge coefficient and C the overall wind effect

W
coefficient. The parameter v, in {Eq. (9)} represents the part of the ventilation rate not
induced by the wind. Substituting Gg in {Eq. (8)} by the expression given by {Eq. (9)}
yields:

tRa

(T, = —
BU, +v

ai Tae) (11)
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where

a=(-¢) (12)
W

B = chb-l-pcps— (13)
g
\Z

v =|Sga+pC, (14)
Sg

{Eq. (11)} represents a simplified version of the greenhouse energy balance, which
can be used to estimate the inside air temperature T,; of the greenhouses under similar

climatic conditions. {Eq. (11)} must be calibrated to identify the constants o, 3 and y

2.2 Site and greenhouse description

Experiments were conducted in a naturally ventilated Venlo glasshouse with four
rows of tomato crop. This east-west oriented greenhouse was built with metallic frames,
and covered with an horticultural glass of 4 mm thickness. It was located at the
department of agronomy of the University of Batna {longitude: 6.11° E, latitude: 35.33°
N, altitude: 900m} in North-East Algeria. The geometrical characteristics of the
greenhouse were as follows (figure 1): ground area 32 m?, height at eaves 3.2 m, height
at ridge 3.60 m, total width 4 m, total length 8 m, and total volume 108.8 m>.

During the experiments, the side vents were opened and the greenhouse was
naturally ventilated. The tomato crop grown in the greenhouse during the period of
measurements had an average height of 0.8 m, and the plant density was 2.5 plants/m?.
The plants were grown following local agricultural practices applied to four rows with
an intra-row distance of 0.6 m and an inter row distance of 0.7 m.

2.3 Measurements

Measurements were performed over three periods, from January to March 2016 (25
January, 21 February, and 10 March) between 8 a.m. and 6 p.m. A schematic view of
the experimental device is shown in figure 1. Inside the greenhouse, the indoor
temperature and relative humidity of the air were measured by two fast response sensors
that cover a wide range {Temperature -50° to 100°C with resolution better than 1°C,
accuracy £2%; Humidity 0 to 100% with resolution 0.5%, accuracy £3% up to 90%
Rh} and collected by means of a data logger (Oakton Logger Plus).

The probes were naturally ventilated and were protected from the influence of the
direct solar radiation by a shelter box. Measurements were sampled at 5 s. intervals. The
storage and the processing of data were carried out with the Micro Lab plus Software.
Because of the heterogeneity of the inside air temperature distribution, the mean inside
air temperature was deduced from temperatures measured at 15 points with 15 probes
distributed along a cross-section at the centre of the greenhouse in the same vertical
plane, and at different heights.

The average value of these 15 points was considered as the temperature of the inside
air at that time. The incoming solar radiation was measured with a pyranometer (SP lite,
Kipp & Zonen, Netherlands) placed inside the greenhouse at the centre and 1.5m above
the ground. The cover surface temperatures of the greenhouse were measured on four
positions distributed along the greenhouse sides and roof using stick on thermocouples
secured to the cover with transparent adhesive tape. Additionally, the outside climatic
data were measured with four sensors installed above the roof surface of the greenhouse
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at 1m height. External wind speed and direction were monitored by two cup

1
anemometers {Model 100075, accuracy +0.1m/s , Climatronic Corporation} and a wind
vane {Model 100076, accuracy +2°, Climatronic Corporation}.

The outside global solar radiation was measured with a pyranometer {SP lite, Kipp
& Zonen, Netherlands}. The outside air temperature and humidity were also measured
using platinum probes in statically ventilated shelters {Model MP601A, accuracy+ 0.2
% , Rotronic instrument crop} located at the same height as the outside pyranometer.
All the above mentioned measurements were collected on data logger system
{Campbell Scientific Micro logger, CR3000, USA}. All data were recorded every 2 s.
and then averaged over 30 min periods.
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Fig. 1: Sketch of the experimental greenhouse showing

the location of the sensors (All the distances are in linear meter)

© : Air temperature -humidity measurements by probe (Oakton log sensor)
[ : Platinum probe 3= :Wind vane =Z :Cup anemometer # :Pyranometer

ﬁi: Tomato crops $2¢: Thermocouples
2.4 Calibration of the model
A number of 5400 data sets T,

sensitivity analysis of the influence of the outside climate parameters T,., R and U,

T,.» R, U, was collected and analysed. A

on the inside-to-outside air temperature difference AT, was undertaken. From {Eq.

1—aec
(11)}, parameters o, B and v, can be identified. The estimation of these parameters
was performed using the least-square method [13] and applying {Eq. (11)} on samples
of 144 measurements corresponding to a range of rather broad variation of the measured
variables.

The following results were obtained with a fiducially limit relatively small for each
parameter: o = 0.043+£0.003, B = 0.612£0.06 and 7y = 0.091£0.002. The
calibrated equation {Eq. (11)} explains 83.67 % of the variability of the dependent
variable AT,;_,. and the small standard error of o, B and y coefficients indicated
that the results of the calibration are satisfactory.
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3. RESULTS

3.1 Influence of the outside climatic conditions on the inside air temperature
3.1.1 Influence of the outside solar radiation on the inside air temperature

The influence of the outside solar radiation on the inside air temperature is reported
in figure 2, which provides the variation of the temperature difference AT,;_,. versus

the outside solar radiation R . From the linear regression analysis it can be seen that the
corresponding coefficient of determination is relativity low (r2 =0.71), showing the

scattering of the data. From this result, it is concluded that AT;_,,

is proportional to
the outside solar radiation, and that the influence of the solar radiation is relatively
important with respect to the inside air temperature changes. This is due to the
predominant role played by solar radiation in the heat balance of the greenhouse. These

results confirmed those obtained by [16-19] for naturally ventilated greenhouses.

Inside-to-outside air temperature difference

outside solar radiation R (W m32)

Fig. 2: Inside-to-outside air temperature difference AT,;_,.

as a function of the outside solar radiation R

3.1.2 The influence of the wind speed on the inside air temperature

The effect of the wind speed on the interior air temperature is displayed in figure 3.
This figure shows the measured temperature difference AT,;_,. as a function of wind
speed, over the range of measured wind speeds, i.e. from 1 to 5 m/s.

A clear influence of the wind speed on the inside air temperature is shown. It is
observed that the values of AT,;_,. decrease immediately with increasing wind speed

but that the effect of the wind speed on AT,

ai—ae 15 strongly nonlinear. The relatively
low coefficient of determination observed (r2 =0.339 ) could probably be explained by

the fact that the solar radiation overcomes the influence of the direct effect of the wind
speed on the inside air temperature of the greenhouse under similar climatic conditions
{a naturally ventilated greenhouse installed in a sunny area}.

4. DISCUSSION

The comparison between measured and predicted values of the inside air
temperature T,; obtained by the {Eq. (11)} in the middle of the greenhouse is presented
in figure 4.
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Fig. 3: Inside-to-outside air temperature difference AT,;_,.

as a function of the outside wind speed U,

The agreement of the model with experimental data is satisfactory (r2 =0.97) for

all measurements as shown by the proximity of dots with the bisecting line. In addition,
to check the validity of the developed method, the measured values of the outside global
radiation R and the calculated values of R derived from {Eq. (11)} were plotted in
figure 5.

The linear regression analysis of the measured values as a function of the values of
the present study had a determination coefficient r> =0.98. The global radiation
calculated by the developed method thus showed fair agreement with measured values.
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Fig. 4: Comparison between measured and the predicted inside air temperature

The dependence of the inside air temperature on several parameters such as solar
radiation, wind speed, or greenhouse cover transmissivity to solar radiation T was

further investigated. In this prospect values of o, B and y that were obtained from
the experimental results were used in the model given by {Eq. (11)}.

The effects of the solar radiation on the inside air temperature are displayed in figure
6. This figure shows the calculated AT,;_,. as a function of the outside solar radiation

R for wind speeds within the range [0 - 7] m/s. An horticultural glass cover was

considered for this particular case. It is predicted that AT,;_,. increases with solar

radiation. But for a given R , increasing the wind velocity strongly reduces AT,;_,..
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Fig. 5: Comparison between measured and predicted outside
global solar radiation R (W/m?)

For the same greenhouse, figure 7 shows predicted values of AT, as a function

al—aec
of wind speed for a set of solar radiations within the range [100 — 800] W/m?. Here
again, it can be seen that for a given radiation, the temperature difference AT, ..
decreases with increasing wind speed.

This behaviour expresses the contribution of the wind to the ventilation process and
to the sensible heat loss. It also shows that the dependence of the temperature difference

on the radiation level decreases with increasing wind speed.

Figure 8 shows the decay in AT,

ai_ae s a function of the wind speed for two values
of solar radiation (250 and 800 W/m?), and three different types of greenhouse cover
{horticultural glass HG t = 0.83, rigid polyethylene RP T =0.72, and polyethylene
film PF T = 0.68 }. When the coefficient of transmission of the cover 1 is changed, the

intensity of the incoming solar radiation is affected.
Results indicate that AT,

ai—ae

This is due to the fact that AT

ai—ae

proportional to U, [16, 19] obtained qualitatively similar results.

decrease with decreasing 7 and increasing wind speed.

is directly proportional to T and inversely

The values of AT,;_,. obtained by the present study were compared with the values

previously obtained by the model of Kittas ef al. [3] {Eq. (15)} for a closed unheated
tunnel greenhouse without crop.

0.031R — 0.017AR + 2.64
1+ 0.085 U*

For both models, the variation of the calculated AT

ai—ae

(Tai _Tae) =

(15)

as a function of the outside
solar radiation R for a fixed wind speed (U, = 2m/s) is reported in figure 9. The

model developed in the present study and the model of Kittas ez al. [3] provides similar
results. The mean standard deviation between the two models (2.173°C) could be due to
the following reasons:

i- different shape of the greenhouse and different cover transmissivity to solar
radiation;

ii- the model of [3] included the temporal variation of the solar radiation AR
(W/m?) to take account of the thermal inertia of the greenhouse whereas in our case the
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experimental values were averaged over 30mn intervals to reduce fluctuations due to
rapid changes in solar radiation;

iii) the model of [3] was established for a tunnel greenhouse without crop and with a
dry soil whereas in our case, the soil of the glasshouse was irrigated and covered with
tomato crops and iv) in [3], the wind direction was supposed to be parallel to the

greenhouse main axis and the effect of the wind was represented by Ug'8

{ Ug'8 corresponding to forced and turbulent convective heat exchange on the
greenhouse cover}, whereas in our experiments, the average angle between the wind
direction and the greenhouse ridge varied between 3° and 58°.

Moreover, the Richardson number Ri (Gr/Re) was found to be superior to 0.1 on
average for the 94 data considered. The general criterion for forced convection is Ri <

0.1; and for free convection Ri > 16 [11] which means that the flow was dominated by
mixed convection in the present study.
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Fig. 6: Air temperature difference AT, versus outside solar radiation R

ai—ae

for four different wind speeds U,
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Fig 7: Air temperature difference AT,

ai—ae as a function of the wind speed U,

using {Eq.(11)}, for four different values of the outside solar radiation R
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Fig. 8: Air temperature difference AT

ai_ae as a function of the wind speed U, using

{Eq. (11)}, for two different values of the outside solar radiation R, for three different
cover: horticultural glass (HG), rigid polyethylene (RP), polyethylene film (PF)
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Fig. 9: Comparison between the model
established by this study and the model proposed by [3]

5. CONCLUSIONS

A method has been developed to determine experimentally in situ the inside air
temperature of a naturally ventilated Venlo greenhouse with a tomato crop. An equation

that gives the inside air temperature T,; as a function of the measured values of the

outside global radiation, the surrounding air temperature and wind speed was
established. The empirical formula derived was:

Lo=T.+ (0.043TR)
(0.612U, + 0.091)

The coefficient of determination obtained for the regression line between the

estimated and measured values of T,; was found to be r? = 0.965 showing a good

agreement of the model with experimental data. The corresponding equation of the
straight line (figure 5) was y = 0.941x .
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Apart from being a simple model for the estimation of the inside air temperature of
the greenhouse, the approach developed in the present study provides a useful
contribution to the understanding of the energetic behaviour of a greenhouse, as a
function of the climatic conditions, greenhouse structure and shape. Concerning these
aspects the following conclusions may be drawn, at least for naturally ventilated Venlo
greenhouse set in a semi arid region:

e  Nevertheless, the solar radiation overcomes the influence of the wind speed on the
inside air temperature of the greenhouse;

o  The calibration of the model gives satisfactory results and shows that it could be
incorporated into algorithms used for greenhouse climate control in Venlo

greenhouses with tomato crops;

e  The model proposed in the present study could be used as a practical tool for the
rational dimensioning of heating and ventilation systems in greenhouses with
standard transpiring crops (tomato crops) under similar climatic conditions;

e  The empirical method (based on in situ measurements) presented in this paper to
get the inside air temperature of a greenhouse could be adapted to other specific
greenhouse designs under similar climatic conditions.

The model can be used in energy balance studies of greenhouses, comparing their
expected performance for different greenhouse designs, operation modes, and weather
conditions. This study paves the way for future investigations on the impact of climatic
conditions and greenhouse design on greenhouse climate in semi-arid areas.

NOMENCLATURE

a, b, ®, Constants
Cp , Specific heat - air, 1004 J/kg.K

G, Ventilation rate, m*/s
H , Overall heat exchange coefficient
Q, Heat flux density, W/m?

R , Solar (global) radiation flux outside the

greenhouse, W/m?
U, Velocity, m/s
o, B,y , Coefficients

€ , Ratio of latent heat flux to net radiation
p , Density of the air, kg/m?
A, Air; ai, Internal air; ae, outer air
C, Cover; E, Exterior wind velocity;
evp, Part of heat used in the transpiration of
the canopy
sto, Heat storage in the greenhouse
vent, Heat loss by infiltration and ventilation

C, . Discharge coefficient

CW , Overall wind effect coefficient
g, Gravitational acceleration, 9.81 m/s?

L , Characteristic length solid surf., m
S, Surface, m?

V() , Part of the ventilation rate not induced
by the wind, m%/s

T , Temperature, K

Sy, Equivalent area of leakage, m?

A, Thermal conductivity, W/m.K

T , Greenhouse cover transmissivity to solar
radiation

G, Ground

cov, Overall heat transfer at the cover

surface
sol, Incoming solar radiation
net, Incoming net radiation
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