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a b s t r a c t

In this papper, a thermal model is developed to investigate the possibility to use the ground thermal
energy for the greenhouse heating or cooling. A control system of the ground heat storing is integrated
in a chapel greenhouse located in the premises of the Technology and Research Energy Center, Tunis,
Tunisia. Polypropylene capillary heat exchangers, suspended in the air and buried into the ground of
the greenhouse, are used to store or destore solar energy excess. During the day, the air-suspended
exchangers recuperate the solar energy in excess. This recuperated energy is then stored into the ground
through the buried exchangers. At night the stored thermal energy is brought back by the suspended
exchangers to heat the greenhouse air. The purpose of this study is to contribute in the greenhouse
microclimate control. In order to maintain the greenhouse air temperature at 20 �C, suitable for a defined
agriculture, the solar energy and the cold water are respectively used for heating and cooling the green-
house inside air. The design and construction of a chapel greenhouse equipped with the control system is
carried out. The studied system is used, at the same time for; heating, cooling the greenhouse air and
storing the solar energy in excess.

Experiments were conducted during the years 2012–2013, to evaluate the effectiveness of the control
system achieved. The measured values of the greenhouse air temperatures with and without the control
system are discussed.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The continuous increase in the level of greenhouse gas emis-
sions and the rise in fuel prices are the main driving forces behind
the efforts for more effectively use of various renewable energy
sources. In many parts of the world and specifically in Tunisia,
the direct solar radiation is considered to be one of the most prom-
ising sources of energy. Annual sunshine can reach 3288 kw h/m2/
year (9 kw h/m2/day). A greenhouse using active conventional
heating consumes 1 litter of fuel/m2/year. Tunisian greenhouses
cover about 1000 ha which corresponds to 10,000 L of fuel/year
[1]. In order to reduce the cost of greenhouses control climate in
Tunisian, solar heating systems are used.

In the Mediterranean regions, most greenhouses are equipped
with a ventilation system and are not heated. Insufficient ventila-
tion in the summer and no heating during the winter causes ex-
treme temperatures inappropriate for the plant. With too low
temperatures during winter nights and too high temperatures dur-
ing summer days, large diurnal amplitude of air and soil tempera-
tures are frequent. These problems affect the product quality and

the production. In order to reduce the cost of agricultural green-
house heating, we use the vacuum solar collectors. Their efficiency
depends at the same time upon the ambient climatic conditions
and the collector’s thermal performances [2]. Capillary polypropyl-
ene exchangers are used to attenuate the differences between the
diurnal and nocturnal air temperatures under the greenhouses. The
water circulates in the heat exchangers according to the closed
hydraulic circuit and three operating modes are used; heating,
cooling and storing.

A greenhouse heating system is used to increase the stored
thermal energy inside the greenhouse during the day or to transfer
excess heat from the greenhouse to the heat storage area; the
ground or the water storage tank. This heat is recovered at night
to satisfy the heating needs of the greenhouse. During the coldest
months in Mediterranean areas, the greenhouses face overheating
problems during the day and excessive cold at night. Greenhouse
heating is one of the most important and essential requirements
for better growth during coldest period and especially during cold
nights. However, in a composite climate where greenhouse heating
is required in winter nights and cooling is required in summer
days, a single system cannot meet the requirements of such a cli-
mate type. Hence the idea of the conception and implementation
of an air conditioning system for the direct control of the climate
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meteorological circumstances we face. Greenhouse heating can be
carried out either by passive or an active method [3]. The green-
house heating study by the passive method has been studied by
many researchers [4–6]. The passive heating may be realized
through water storage, rock bed storage, north wall, mulching,
phase changing material, movable insulation and thermal curtain.
Among passive heating modes, the thermal curtain is considered
the most practical and appropriate means for reducing the energy
consumption in the greenhouse [7–9]. For the active heating meth-
ods, we can cite the ground collectors, the geothermal, an earth-air
heat exchanger and phase change storing material. The greenhouse
heating using the active method has been investigated by many
researchers namely Lazaar et al. [10], Santamouris et al. [11], Jain
and Tiwari [12] and Kurklu [13]. A proper understanding of the
greenhouse thermal behavior can lead to the good choice of the
cooling system which will give satisfactory performances in the
most extreme conditions. Natural ventilation can be used in many
cases, sometimes in combination with an exhaust fan (forced ven-
tilation) or a partially reflective screen (shading), to prevent the en-
try of solar radiation that is superfluous to the plant’s
requirements. In those areas of the world where summers are
not severe and the maximum ambient temperature remains less
than 33 �C, ventilation and shading techniques can work well. In
the extreme environmental locations, where ambient tempera-
tures in summer generally exceed 40 �C, evaporative cooling is
the most efficient mean of greenhouse cooling. Evaporative cooling
using fan-pad and fog/mist inside a greenhouse and roof cooling
systems can be used. The composite system is used for both; heat-
ing the greenhouse in winter and cooling it in summer. Currently,
earth-air heating exchanger system (EAHES) is the most success-
fully utilized composite system for agricultural greenhouses.
EAHES use the underground constant temperature of earth mass
to transfer/dissipate heat to/from the greenhouse. In addition to
EAHES, aquifer coupled cavity flow heating exchanger system
(ACCFHES) has also been developed. It utilizes the constant tem-
perature of deep aquifer water at the ground surface through an
irrigation tube for heating as well as cooling the greenhouse [14].
Photovoltaic panels are integrated with the greenhouse to generate

the required electrical power. This system shows an energy effi-
ciency level of approximately 4% [15].

In this work, we present the experimental results concerning
the greenhouse climatic parameters. We consider a chapel green-
house with a control system which is simultaneously a heating
system using solar energy, a storage system using the ground
and cooling system using the ground and the cold water. Each
mode of the control system is used when it is needed.

2. Theoretical study

In order to find the best spacing between the buried exchangers,
one theoretical study was conducted. The greenhouse diurnal bal-
ance is written in the following form:

Up ¼ cRG � KðTj � ToÞ � C
dTm

dt

� �
ð1Þ

When the term Up is positive, it represents the potentially
recoverable diurnal energy, and when it is negative, it represents
the nocturnal heating contribution that should be provided to
maintain the greenhouse climate on the required temperature
level.

At day, the storage term ðdTm
dt Þ can be linearized. It is proportional

to the air temperature difference between the day and the night,
(Tj � To) [16].

Eq. (1) becomes:

Up ¼ c RG � KðTj � T0Þ � C 0ðTj � T0Þ ð2Þ

At night, the solar contribution RG is null. The balance energy is
written:

Un ¼ KðTn � ToÞ � C
dTm

dt

� �
ð3Þ

Then the necessary heating to maintain the require temperature
according to the needs of the chosen cultivation is:

Utotal ¼ UnþUp ð4Þ

Nomenclature

A collector area (m2)
a0 intercept (maximum) of the collector efficiency

(kJ/h m2 K)
a1 negative of the first-order coefficient in collector

efficiency equation (kJ/h m2 K)
a2 negative of the second-order coefficient in collector

efficiency equation (kJ/h m2 K2)
Cpf specific heat of the tank fluid (kJ/kg K)
Cp specific heat of collector fluid (kJ/kg K)
G global radiation incident on the solar collector (kJ/h m2)
e polycarbonate cover thickness (m)
Ke convective coefficient (W m�2 �C�1)
Qpc polycarbonate covers loss of energy (W)
Qgr ground loss of energy (W)
Qinf infiltration loss of energy (W)
Qcb support loss of energy (W)
Qc heat collected by solar collector (kJ)
Qn restored noctural heat (kJ)
Qp recovered diurnal heat (kJ)
Qload greenhouse heating load (kJ)
R thermal conductivity (m2 K W�1)
To outlet temperature of fluid from collector (�C)

Tj daily (air) temperature (�C)
Ta ambient (air) temperature (�C)
Tamb ambient air temperature during the test (�C)
Tm average storage temperature (�C)
t time (h)
Ub the loss coefficient of the tank (W/m2 �C)
U overall heat transfer coefficient (W m�2 K�1)
V tank volume (m3)

Greek letters
qf fluid density (–)
g collector thermal efficiency for entire array (–)
C coefficient of absorption of the greenhouse (–)
Up heat flux (W)
DTLM mean logarithmic difference temperature (�C)

Subscripts
f final (–)
i initial (–)
L.E.P.T Laboratory of Energetic and the Thermal Processes (–)
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