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ABSTRACT Simulation models can be useful for reducing the cultivation costs and the 
environmental impact of a greenhouse. This research was carried out to elaborate a 
mathematical model for simulating plant growth. This model predicts quite accurately the 
response of the plants to the most important climatic parameters (air temperature, solar 
radiation, etc.) and to energy inputs. The model was used for estimating plant production 
inside a greenhouse covered with plastic film (Mediterranean greenhouse) under different 
minimum values of inside air temperature and in several seasons. The results of the 
simulation clearly show the relationship between the minimum value of the air 
temperature and the energy input required and this relationship is very important for 
choosing the timing of the crop during the year. The further one gets from the optimal 
time of the cultivation the greater the number of energy inputs required. In particularly 
adverse conditions it may be necessary to add artificial lighting even in Mediterranean 
regions. This model enables us to establish quite accurately the best timing of the crops 
during the year and to define heating, ventilation and artificial lighting. Bearing in mind 
the energy costs and the market prices of the produce, it is possible to optimize the choice 
of crops to be grown and find their best time sequence without compromising the 
sustainability and the economic performance. 
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INTRODUCTION Italy is a country which has always been in the van of progress for its 
fruit, vegetable and flower production in greenhouses. Cultivation in protected areas has 
become popular since the 1960s when plastic sheets were introduced for covering the 
sheltering structures. Cheap protective preparations rapidly spread over our country until 
the forming of the typical “Mediterranean greenhouse cultivation”: pavilion style 
greenhouses were set up in the southern regions mainly for cultivating solanaceae, simple 
and multiple tunnel greenhouses were put up in the other areas for growing strawberries, 
melons etc. Over the last few years the countries of the Mediterranean basin and Japan 
have been joined by China which has rapidly reached the first position in the world in 
terms of surface area covered by greenhouses (about 200.000 ha), Italy is in second place 
(about 67.000 ha), then Japan (60.000 ha) and lastly Spain (55.000 ha). The success of 
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cultivation in a sheltered environment is due to the possibility of protecting the crops in 
bad weather conditions and therefore prolong the growing season and increase the 
number of cultural cycles per year. For quite a while research in this field has been trying 
to make greenhouse cultivation cheaper and more sustainable from an environmental 
point of view (Gusman et al., 1997). In order achieve these aims we have tried to 
introduce automation and technological innovation into typical Mediterranean 
greenhouses which are characterized by low technology and low energy inputs (only 
emergency heating or none at all). Therefore in Italy too greenhouse cultivation 
characterized by more and more automation is beginning to take shape with a much more 
punctual and computerized management. The use of plant growth and development 
models enable us to grow crops in much better conditions. In the last few years research 
has been focused on this last aspect because of the difficulties connected to the simulation 
of biological phenomenon. Simulation in the biological field raises more difficulties than 
other sectors due to the effect of complex coactions that characterize these systems, to the 
lack of complete comprehension of the laws that govern the behaviour of the biological 
phenomenon and also because of the interdisciplinary nature of the problems which range 
from physics to chemistry, from mathematics to biology, and from computer science to 
statistics. At best these models represent the state of art of the knowledge of a certain 
system. The validity of the previsions obtainable from a model is often limited by the 
quality of the input used which in turn is often the result of modelling. In green house 
cultivation the previsions of economic profit, the evaluation of policies and the process of 
optimization can be very important, however up to now only a part of these aspects has 
been modelled as all the effort has been  concentrated on the growth and development 
process. In order to face these challenges it is necessary to use more general approaches 
integrating the various cultivation models into only one system. The models simulate the 
dynamics of functioning of the soil-plant system based on acquired knowledge. It is 
important to know how the models represent the physical, chemical and biological 
processes involved in the simulation and this helps to represent the relationship between 
plants and the environment (Marucci et al., 2001). Various simulations of photosynthesis 
have been developed and experimented in the growth models but only a few have been 
confirmed by practical application in greenhouses which is necessary for establishing 
their qualitative and quantitative adequacy. Among the models elaborated the TOMGRO 
proved valid in the simulation  of photosynthesis in industrial greenhouses (Zekki et al., 
1999). A model tested in Turkey is able to show the vegetative growth of tomato plants in 
terms of height, number of leaves, and leaf surface area index. The output data contain 
the production and the crop yield (Mahmoud A. Medany, 2006). Transpiration plays an 
important role in the analysis of the interaction between plant and solar radiation. As 
everyone knows transpiration represents the main cooling process of the plant  and 
strictly depends on the LAI (Leaf Area Index) of the crop therefore one must always bear 
the LAI in mind. In fact through specific research it was found that by supplying an 
adequate amount of water to a dense cultivation it was possible to avoid water stress in 
greenhouses even during the summer in the absence of evaporative cooling. 
Consequently crops with high values of the LAI index are recommended in the summer 
months in typical greenhouses of the Mediterranean environment or in arid countries 
(Katsoulas et al., 2002). Temperature has a considerable influence on the growth of plants 
and therefore in order to maintain the validity of the model it is necessary to update the 
temperature data continually and the climatic parameters in general. Therefore whenever 
cultivation simulation models are used on crops in greenhouses the location of the 
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weather station is important (Bojacá et al., 2009). Regarding the simulation models for 
crops in greenhouses, besides the climatic parameters already mentioned, it is necessary 
to consider other factors such as the materials needed for covering, shading and 
ventilating the crops which can influence the microclimate considerably. The modelling 
of the plants has undergone further development for the integration of the eco-
physiological knowledge with virtual 3D morphogenetic models which simulate the 
development architecture of a stable and homogeneous environment. There is now a 
wide-spread tendency to use both of these approaches by linking architecture to the 
functioning of the plants. This tendency is based on the acknowledgement of the fact that 
the structure of the plants is connected to production as a function of physiological 
processes, morphogenetic characteristics and the external environment. (De Reffye et al., 
1998). A model with a 3D geometric structure of the tomato plant was proposed 
including the shape and orientation of the leaves, the size of the tomato was assessed by 
using  a simulation model based on the transpiration laws of the plant (Dong et al., 2003 e 
2007). Two different types of instrument were used for the planning and management of 
the greenhouses; instruments which enable us to assess the energetic requirements for 
heating and instruments which enable us to simulate the various procedures for the 
management of a crop in an ideal environment such as TOMGRO or Simulserre. 
Therefore it is possible for the planner to compare the various constructive alternatives or 
evaluate the contribution of fertilizing equipment, artificial illumination or shading 
systems besides being able to estimate the impact of a modification like in the case of 
heating and so the planner has a valid system for a strategic management planning  of the 
crops (Bonvin et al., 2006). Therefore the simulation models for the growing of the plants 
which are useful for the management of the systems for controlling the weather 
conditions in the confined environment  can also be used for the planning of the crops in 
order to reduce the energy inputs required for cultivation. For this reason research was 
carried out using an original mathematical simulation model of the growing of the plants 
which was calibrated on real production figures which allowed us to determine some 
planning criteria for the crops so that a high yield can be obtained with the least possible 
amount of artificial energy thus safeguarding the environment. 

1 MATERIALS AND METHODS  For this research a mathematic simulation model 
was used for growing and producing the tomato plants, the model was implemented with 
a Visual Basic 6.0 software. A flowchart describing the elaborated software is reported in 
figure 1. The input data are typed into special fields by means of a starting window and 
concern; the simulation period, the density of the planting of the crop, the minimum 
temperature assured by the heating system and the maximum temperature obtained by the 
cooling system by means of mechanical ventilation. Other data required by the model are 
the air temperature and the PAR of the environment of the cultivation. Data gathered in 
2007 was used -  the year of calibration of the model at 15 minute intervals in an 
experimental tunnel covered with polyethylene  sheets and without artificial heating. 
(figure 2). The model was calibrated according to a table tomato cultivation 
(Lycopersicon esculentum Mill. var. Or Star), grown with a density of 3 plants/m2, 
without heating and with a maximum air temperature of 30 °C, obtained by means of 
mechanical ventilation. The cultivation started with the transplanting of the seedlings on 
April 4th and ended on July 12th 2007. During the productive cycle destructive sampling 
was carried out at intervals ranging between 7 to 10 days in order to determine the LAI, 
the epigeous biomass  (leaves, stems) and ipogeous biomass (roots) which were 
compared with the corresponding data calculated by the model. 
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Figure 1. Flowchart model. 

 

Figure 2. Experimental tunnel during the cultivation of tomato. 

After carrying out the calibration of the simulation model, according to the air 
temperature and the solar radiation inside and outside the experimental site measured 
over the whole year, the results of production obtainable during the year were simulated 
with a tomato cycle lasting about 4 months in the following conditions: 

• planting density = 3.5 plants/m2; 
• Minimum internal air temperature = 10 °C (minimum biological temperature); 
• Maximum internal air temperature = 30 °C. 

The density of the plants and the limits of temperature are established in function of the 
physiological requirements of table tomatoes. With the climatic parameters measured in 
the confined environment it was possible to estimate the energy requirements of the 
whole productive cycle according to the different timing settings hypothesized by means 
of the energy balance. Then the figures concerning the trend of market prices over the 
year (ISMEA - Istituto di Servizi per il Mercato Agricolo Alimentare) were gathered as 
this is a fundamental element when choosing the best timing of the crop and therefore for 
planning the best sequence of cultivation. 
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2 ANALYSIS AND DISCUSSION The model elaborated was verified and calibrated on 
a real tomato crop, in figure 3 the comparison between the data measured and the data 
calculated by the model in relation to the produce obtained, the LAI and the epigeous 
green biomass (leaves and stems). 

 
Figure 3. Comparison between the data calculated and those measured during the 
experiment and those calculated by the simulation model. 

By comparing the data calculated and the data measured we can see a positive response 
of the model with a slight tendency towards the overestimation of the production and of 
the green biomass in the last part of the productive cycle. As already mentioned the 
model was then used for estimating the results of production obtained over the year with 
a three-month growing cycle of the tomato plants. In table 1 and in figures 4, 5 and 6 you 
can see the results of the simulations carried out with a minimum internal air temperature 
of 10 °C. The highest yield was foreseen for the April-July cycle (36.6 kg/m2) and the 
May-August cycle (38.3 kg/ m2), in the other cycles the estimated yield decreased 
considerably to 30.1 kg/ m2 for the June-September cycle and to 22.8 kg/ m2 for the 
March-June cycle. Much lower values are foreseen for the cycles close to winter despite 
the heating of the air which is kept at a temperature of 10°C. The same can be said for the 
epigeous green biomass. The estimated yield for the Spring-Summer cycles is 
considerably higher than the calibration cycle due to the shorter duration of the cycle (-10 
days) and to the absence of artificial heating (air temperature in the first 30 days of the 
productive cycle even less than 5°C). In figure 4 you can see the production of epigeous 
biomass and edible parts estimated for the various productive cycles relative to the leaf 
area index (LAI). In the cycles that begin in the winter the estimated yield is less than for 
the cycles that end in winter even if the LAI at the end of the cropping cycle reaches 
similar values. 
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Table 1. Results foreseen by the model for a four-month cycle of the tomato plants. 

Productive 
cycle 

Ultimate Mean Average 
daily  

hours  
of 

sunlight 

Ventil-
ation Heating Leaves Yield 

LAI LAI T Stems  
(m2/m2 (m) 2/m2 (°C) ) (h/d) (h/d) (h/d) (kg/m2 (kg/m) 2

Jan.-Apr. 
) 

4.6 1.2 17.9 11.5 0.1 13.5 1.9 2.5 
Feb.-May 5.4 1.7 19.9 12.9 0.8 10.2 2.6 8.3 
Mar.-Jun. 6.1 2.3 22.0 13.9 2.0 6.5 4.0 22.8 
Apr.-Jul. 7.2 3.0 24.1 14.5 4.3 3.4 6.4 36.6 

May-Aug. 7.2 3.7 27.4 14.7 7.1 0.9 8.9 38.3 
Jun.-Sept. 6.5 3.7 27.9 14.2 7.5 0.3 7.0 30.1 
Jul.-Oct. 5.2 3.4 26.4 13.7 6.3 1.9 5.1 12.3 

Aug.-Nov. 5.1 3.2 23.4 13.0 4.1 4.5 3.3 9.5 
Sept.-Dec. 5.0 3.0 18.7 12.5 1.1 8.3 2.4 2.8 

 

 
Figure 4. LAI, green biomass and edible yield estimated for the various production 
cycles. 

While the average LAI is considerably lower which means a delay in the development of 
the crop with inevitable repercussions on the production. In figure 5 you can see the 
production and green biomass results foreseen for the various production cycles in 
relation to the average daily temperature and the average daily hours of sunlight of the 
whole productive cycle. It seems clear that the highest values of the average daily air 
temperature of the cycles in the second part of the year do not express the same 
productive results because of the coming of the winter months which coincide with the 
last part of the productive cycle. Lastly in figure 6 the productive and green biomass 
results are compared to the hours of heating estimated for maintaining the air temperature 
over 10°C and the hours of ventilation for limiting the maximum air temperature to 30°C 
during the cropping period. 
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Figure 5. Average daily temperature, average length of day, productive and green 
biomass results foreseen for the various productive cycles. 

 

Figure 6. Hours of heating, ventilation, productive and green biomass results estimated 
for the various productive cycles by the model. 

While the estimated number of hours of ventilation tend to diminish in the cycles at the 
beginning and the end of the year, the number of estimated hours of heating are 
considerable higher in the cycles in the first part of the year but despite this the 
productive results are slightly lower. Therefore the minimum limit of the air temperature 
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appears to be very important for the yield. The unitary production estimated with the 
minimum limit of 10°C ranges between 22.8 and 38.3 kg/m2  for the cropping cycles of 
tomato plants between March and September. Outside this period heating must be 
increased but above all artificial lighting is required in our opinion. Therefore further 
progress in the research concerned the estimation of the energetic requirements for the 
different timing of the productive cycle, of the energy costs and the market prices at 
production of the estimated produce. In table 2 you can see the productive results 
estimated by the model, the energetic requirements calculated by means of the energy 
balance, the market prices at production gathered over the course of the year (source 
ISMEA) and the energy costs. 

Table 2. Production price and energy requirements for the various productive cycles. 

Productive 
cycle 

Yield Production  
price Profit Energy 

requirements 
Energy 
costs 

(kg/ m2 (€/ kg) ) (€/ m2 (MJ/ m) 2 (€/ m) 2

Jan.-Apr. 
) 

2.5 1.31 3.3 289.3 12.9 
Feb.-May 8.3 0.78 6.5 208.8 9.3 
Mar.-Jun. 22.8 0.33 7.5 122.3 5.4 
Apr.-Jul. 36.6 0.25 9.1 51.1 2.3 

May-Aug. 38.3 0.23 8.8 1.7 0.1 
Jun.-Sept. 30.1 0.23 6.9 0.0 0.0 
Jul.-Oct. 12.3 0.38 4.7 3.4 0.2 

Aug.-Nov. 9.5 0.48 4.6 24.1 1.1 
Sept.-Dec. 2.8 0.58 1.6 104.9 4.7 

 

 

Figure 7. Energy requirements for the various productive cycles. 

From the data reported in table 2 and illustrated in the following figures 7 and 8 it is clear 
that the energetic requirements increase considerably when the productive cycle before 
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April-July and after July-October. The cost of the energy required for obtaining the 
produce is only partly compensated by the increase in the prices at production due to the 
decrease of the production which comes about with the minimum temperature of 10°C. In 
the March-June cycle more than 2/3 of the profit is absorbed by the cost of the energy 
requirements, while from August-November less energy is required and the costs are 
lower. In the last cycles taken into consideration (January-April, February-May and 
September-December) energy costs greatly exceed the profits obtained by selling the 
produce. By examining the processes carried out we can see that the devised model 
enables us to establish the best timing of the productive cycle of the tomato during the 
year and the main productive parameters ( air temperature, ventilation, artificial 
illumination) quite accurately. For a better planning of the cropping sequence it is 
important to bear in mind the economic evaluation of market prices and energy costs. In 
fact the increase in market prices for out-of-season produce does not always cover the 
extra expense of  the higher energy requirements. This model, which can also be applied 
to other vegetable crops, makes it possible to choose the right crops to be grown and  the 
best timing sequence in order to reduce the energy inputs thus safeguarding the 
productive and economic profit. 

Figu
re 8. Production price for the various productive cycles. 

CONCLUSION The simulation models can be of great help for making greenhouse 
farming cheaper and more sustainable from an environmental point of view. For this 
purpose a mathematic simulation model for the cultivation of tomatoes was elaborated 
which enables us to foresee the response of the crop to the main climatic parameters and 
energy inputs quite precisely. This model was calibrated and confirmed by a real table 
tomato crop (Lycopersicon esculentum Mill. var. Or Star) grown in an experimental 
tunnel greenhouse covered with plastic sheets without artificial heating. The model was 
used for estimating the obtainable productive results by arranging the cropping cycles at 
different times of the year and with different values of the minimum internal air 
temperature. From the results of the simulation we can see that the minimum air 
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temperature plays an important role. In fact the estimated production greatly increases 
according to the increase in air temperature which ranges from no heating (cultivation for 
the calibration of the model) to the minimum internal air temperature of 10°C and 
successively to 13°C. Therefore the timing of the crop over the course of the year is very 
important since the farther we get from the best timing period, the greater the number of  
energy inputs required. In particularly unfavourable conditions it may be necessary to 
resort to artificial lighting. The farther we get from the traditional timing arrangement, the 
higher the market prices will be. By examining the processes carried out it can be seen 
that the higher market prices are not always able to compensate for the costs of the 
necessary energy requirements. Therefore by using the proposed simulation model it is 
possible to establish quite accurately the best timing of the cropping cycle over the course 
of the year  and therefore to regulate heating, ventilation and artificial lighting in a 
suitable way. By extending the model to other vegetable crops and by adding the 
economic evaluations of market demand it is possible to optimize the choice of the crop 
to be grown, determine its best timing sequence and reduce the energy inputs without 
compromising the productive and economic profit. 
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