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ABSTRACT 
 
GeoGreenhouse project involves the construction of a greenhouse for growing tomatoes in 
Iceland. The first stage consists of a gross area of five hectares. Due to the peculiarities of 
such project and because of the unique weather, a greenhouse climate model is advisable to 
analyze various design solutions. 
Iceland's weather has a seasonal change in the length of day and night, creating unique 
weather phenomena. In midwinter, there is a period where darkness prevails. In midsummer, 
daylight takes over and night darkness is almost absent during June and July. Artificial 
lighting and movable blackout screen are therefore needed to have a year round production. 
Replacement lighting requires a high density of lighting devices which implicates a big heat 
gain due their losses. Understanding the influence of the artificial lighting on the greenhouse 
climate is necessary in order to set up an adequate control strategy. 
The developed model includes, in addition of the greenhouse structure, all the equipments 
for climate controlling, such as: blackout screens, artificial lighting, heating system, fogging 
system, roof vents, and mechanical ventilation. 
Simulation results show that the requirements to maintain the desired indoor climate change 
depending on the mutual relation between the blackout screen position and the outdoor solar 
radiation. For instance, if the crop night-phase occurs when the external radiation is low, 
turning off the lamps is sufficient to lower the air temperature in the greenhouse; while, if the 
crop night-phase occurs at noon to lower the indoor temperature it is necessary to open the 
roof vents. 
A control strategy which ensures the desired indoor climate has been investigated. 
At the beginning, the control methodology considered a 24 hours cycle for the crop 
photoperiod. A deeper analysis showed a big disparity between the sunlight intercepted by 
the plant canopy of one zone of the greenhouse and the others. Since the irradiation on 
canopy leaves is the factor which has the main influence on crop growth, a solution to level 
off the fruit production along the three zones has been proposed. A reduction of the crop 
day-length creates a variable phase delay between the crop night-period and the night. 
Simulation results show that a reduction of 45 minutes in the 24 hours cycle permits to level 
off the Daily Light Integral to a unique common value. 
If on one hand a lower crop day-length permits to uniform the yield production along the 
three zones, on the other hand it requires a control system independent of the mutual effect 
between the blackout screen position and the outdoor solar radiation because it is always 
changing. 
Several simulations have been executed in order to evaluate how different control strategies 
affect the greenhouse indoor climate. A feasible control methodology which permits to create 
the adequate crop growth environment has been designed and results are given in chapter 4. 
Blackout screens are installed to avoid light pollution and to handle the tomatoes 
photoperiod. Once the artificial lighting control has been defined, the blackout screens are 
controlled by a clock in series with the signal controlling the lamps. The clock’s signal defines 
when the foreseen sunlight is enough high to stimulate plant growth. This coupling of the 



IV 
 

clock signal and the artificial lighting signal permits control of screen closure avoiding any 
lighting pollution. A solar radiation meter can replace the clock or be included in the system, 
in such a way that during cloudy days the blackout screens can be kept closed if the outdoor 
radiation is below a predefined value. 
Remaining controlled equipment includes the roof vents and the heating pipes located below 
the benches. In both cases a proportional controller has been modelled. Due to the difficulty 
of measuring leaf temperature, the controlled parameter is the air temperature. The desired 
temperature changes between crop day-period and night-period. Thus, the settings of both 
controllers vary during the day. The switching between the two configurations must be done 
in accordance with the crop photoperiod which coincides with the scheduling adopted for the 
artificial lighting system. 
Simulation results show the need to limit the roof vents aperture and to turn the heating 
system on in advance. Adopting such modification, parameters considered fundamental for 
crop growth are within an acceptable range. All the settings utilized and simulation results 
are given. 
Although results are promising, the model developed and used has not been validated with 
any empirical data, thus some modifications on the suggested control system will probably 
be needed. However, the proposed control methodology can be used at the beginning of the 
operations when data on the variations due to external factors on the greenhouse climate are 
unavailable. 
 

KEY WORDS 
greenhouse model, artificial lighting, control system. 
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1 INTRODUCTION AND OUTLINE OF THIS THESIS 
 
By definition a greenhouse is a structure covering ground for growing a crop that will return a 
profit to the owner risking time and capital [ 11 ]. From this definition it is understood that the 
purpose of a greenhouse is to provide and maintain a favourable environment for optimal 
crop growth. The optimal environment for crop growth can be defined as all those conditions 
which together maximize the number of fruits produced and their quality.  
Although greenhouses protect the crop from the effects of wind, rain and snow, the 
temperature inside the greenhouses is increased during the day by solar radiation. As long 
as the temperature rises up to a certain limit, the yield production increases. However the air 
temperature is only one of the parameters that strongly influence the crop growth. Air 
temperature, humidity, light intensity, CO2 concentration without considering all the plant 
nutrients needed and their concentrations, are some of the parameters that must be 
controlled. 
A lot of research has been done to understand how all these factors influence the crop 
growth. In order to figure out the complexity of this aspect it is useful to keep in mind that the 
plant growth is due to the assimilation of nutrients and CO2 that are converted in dry mass by 
the result of the photosynthesis process during the day accompanied to the respiration phase 
during the night.  
The driver of the photosynthesis is the so-called Photosynthetically Active Radiation which is 
the radiation from 300 nm to 700 nm. Its intensity affects the photosynthesis rate and thus 
the velocity of nutrients assimilation. Carbon dioxide has an optimal concentration for growth 
as a function of the PAR intensity. The remaining nutrients, dissolved in water, are absorbed 
in the roots and transported along the truss to the leaves and to the fruits. Water transport is 
driven by the pressure gradient between roots and leaves. This difference of pressure is 
created by plants releasing water into the air by the evapo-transpiration process. The 
effectiveness of this process mainly depends on the air humidity and air velocity next to the 
leaves as well as the leaves temperature and thus on the light intensity. 
In nature the main source of photosynthetically active radiation is the sun. Artificial lighting 
can produce the necessary radiation, however to reduce the overall costs all greenhouses 
adopt transparent cover materials like clear plastic or glass. These materials maximize the 
exploitation of the solar radiation but their use entail high energy demand due the thermal 
exchanges between the greenhouse and the outdoor environment. Hence, in order to keep 
the needed indoor conditions the greenhouses have to be heated, cooled and ventilated 
depending on outside climatic conditions. 
Different energy sources such as fossil fuels or geothermal energy can be used for heating a 
greenhouse. Each of these energy sources has its advantages and disadvantages in the 
greenhouse heating system. Heating systems utilizing fossil fuels might have low initial cost, 
but their running costs are high and strongly variable during the years because they follow 
the petroleum market trend. On the other hand heating systems supplied with geothermal 
energy might have high initial costs but low running costs and are pollution free which makes 
these systems highly attractive to farmers [ 11 ]. 



2 
 

1.1 GEOGREENHOUSE PROJECT 
Geothermal energy is widely spread in Iceland. Depending on the temperature of the 
reservoir, geothermal fluid can be used as heat source for electricity generation, industrial 
applications, space heating, or snow melting to name some common applications. 
Cascade utilization of hot water streams maximizes the use of their energy. For instance 
waste water coming from electricity power plants can supply a district heating system. An 
example of this cascade integration between different uses is the district heating of 
Reykjavik. Other industrial applications, such as fish farming or greenhouse heating, are 
feasible only if the distance between the energy source and its final use is not prohibitive. 
GeoGreenhouse, a new local Icelandic company, is proposing a new greenhouse facility for 
growing tomatoes. The total greenhouse area is 20ha which will be built in different phases. 
The first construction phase starts in the summer of 2012 and consist of a 5ha greenhouse. 
The peculiarity of this project regards the heat and CO2 supplies. The proposed greenhouse 
is sited next to the geothermal power plant at Hellisheiði, which will provide the greenhouse 
with hot water and electricity. The hot water is waste water from the power plant. Thanks to 
the short distance from the power plant, electricity transmission costs are inexpensive. The 
carbon dioxide is derived from landfill gas, where the CO2 has been separated from 
methane. 

1.2 PURPOSE OF THIS STUDY 
Heating greenhouses using geothermal energy is one of Iceland's oldest and most important 
usages of geothermal energy which began in 1924. In recent years the yearly production has 
been increased thanks to electrical lighting which permits to extend the growing season. 
Supplemental lighting and CO2 enrichment for stimulating plant growth is a practise quite 
common [ 21 ]. 
GeoGreenhouse foresee fruit production all year long. Replacement lighting is therefore 
needed to overcome the lack of sunlight during the midwinter period. Electrical power 
demand of about 300 W/m2 has been estimated for the artificial lighting system. It involves a 
huge power demand for running the total greenhouse area. 
Electricity costs in greenhouses located in Iceland where supplemental lighting is used are 
about one third of the yearly management costs [personal communications with local 
farmers]. Since artificial lighting is used as sunlight replacement, the sensitivity of electricity 
price on annual costs grows up to 40%-50%. Subsidized electricity price, or other kinds of 
incentive, plays a big role on the product final price and thus on the overall feasibility of 
GeoGreenhouse project. 
Generally it is suggested a sixteen hours day-length followed by eight hours of night for 
growing tomatoes in a 24hr cycle (see [ 4 ], [ 11 ], [ 12 ], [ 13 ]). Adopting this photoperiod for 
the greenhouse under design implicate a huge difference of the electrical absorbed power 
between day and night phase. A cheaper electricity tariff can be agreed if the gross power 
demand is kept constant along the day.  
A steady power demand can be achieved dividing the total greenhouse area in three zones. 
Each zone is managed with a phase delay of eight hours. This solution requires installation 
of movable blackout screens which will ensure darkness on the plant canopy even if outdoor 
daylight is high. 
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Due to all the peculiarities of the GeoGreenhouse project, a climate model of the greenhouse 
under design has been done. The main purpose of the model is to further understand the 
response of the greenhouse to changes in outside conditions and whether the heating 
system used can cope with these changes and with the scheduled management of the 
lamps. 
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2 DETAILED DESCRIPTION OF THE MODEL 
 
This model describes the effects of the outdoor climate and the greenhouse design, including 
all the installed equipment, on the indoor greenhouse climate. Due to the purpose of this 
work, the model considers all the heat and vapour fluxes which are relevant to the indoor 
climate but it does not simulate the crop growth. 

2.1 MODEL OVERVIEW AND MAIN ASSUMPTIONS 

2.1.1 Main assumptions 
In Figure 1 all the modelled elements have been schematized. The grey boxes indicate the 
temperatures calculated (state variables) while the white boxes represent the independent 
variables linked to the model with an external file or directly calculated (see Appendix B). 

 
Figure 1 – Scheme of modelled greenhouse 
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The model is based on following assumptions: 
• Outdoor weather conditions (white boxes on Figure 1) are not influenced by the 

greenhouse indoor climate. 
• Each span in the multi span glasshouse has the same layout with respect to the 

configuration of the heating pipes, the artificial lighting system, the blackout screen 
and its size. 

• Because of the high surface of the cover, the heat losses through the walls are 
neglected which means that the walls of the simulated zones are considered 
adiabatic. Although some air flows between the zones could occur, because of 
presence of blackout screens along the side, it is assumed that these air flows are not 
relevant for the indoor climate. 

• The greenhouse air is considered as a “perfectly stirred tank”, which means that there 
are no temperature gradients or water vapour concentration differences; therefore all 
the model fluxes can be described per square meter. 

• To describe the effect of the blackout screen, the entire volume of the greenhouse is 
divided into two compartments: one below and one above the screen. 

• The exchange of heat and H2O through the screen openings can be described by a 
simple air exchange rate from the air-node with the higher temperature to the cooler 
air-node. The screen is treated as a porous media. 

• All modelled elements (which on paragraph 2.2 are called state variables) are 
homogeneous: they have a uniform temperature and an average thermal capacity 
can be used. 

• The lower heating system is below the canopy. The growing pipes are between the 
plants, so all the emitted thermal radiation is absorbed by the canopy. 

• The heating pipes can be described with a specific length and diameter. The 
temperature of the water can be described by simplified equations. In these equations 
it is assumed that one temperature can be used to describe the energy content of the 
net. This temperature depends on the ingoing temperature, from which the outgoing 
temperature can be directly computed with the heat exchange terms. To avoid any 
unreal result, an upper bound on the pipes temperature has been set equal to 90°C. 

• The reflected, transmitted and emitted radiation is one-dimensional, normal to the soil 
surface. This assumption is extended also to the solar radiation and thus irradiation 
data on a horizontal plane have been used. Therefore, when we consider radiation 
streams, all the elements (including the zigzag roof cover) are like a plane surface 
parallel to the floor with constant optical properties. 

• The air flux trough the roof vent opening is not influenced by the vents position 
(leeward or windward); therefore an average wind velocity, independent from the 
wind direction, is used. 

• Water that condensates on the indoor side of the roof and on the blackout screen is 
directly removed and therefore it is not available for evaporation. The optical 
properties of these surfaces as well as their thermal properties are unmodified even if 
there is a film of condensed water on them. 
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• Further minor assumptions are described later during the detailed explanation of each 
part the model. 

2.1.2 Model overview 
The absorbed, reflected and transmitted radiation of any surface depends on the wavelength. 
It is commonly accepted for engineering purposes to characterize the surfaces with 
coefficients defined as a weighted average (along all wavelengths) of the response of the 
surface. Although it does not give important errors when we consider normal buildings, when 
we regard to buildings with large glass surfaces the error which occurs using this simplified 
method can be relevant. For example the transmission coefficient for a glass surface is 
highly different if we consider the visible wavelength (𝜏 ≈ 0.85) or the thermal radiation (𝜏 ≈
0). Considering this aspect applied to the simulation of a greenhouse covered for almost the 
entire surface of glass and also because the absorbed radiation of the crop is highly 
dependent on the wavelength, as done in other greenhouse climate modelling studies, the 
simulation of the solar radiation and consequently the response of every surface is modelled 
for three different wavelength areas. 

− Photosynthesis Active Radiation (0.4 – 0.7 μm) 
− Near Infrared Radiation (0.7 – 1.5 μm) 
− Far Infrared Radiation (> 1.5 μm) and other radiation 

This model is based on the greenhouse climate modelling study of Vanthoor [ 34 ], and 
Ooteghem [ 20 ] which are both based on De Zwart model [ 35 ]. For the current purpose 
some parts have been simplified and others added or edited. 
Due to the high influence of the solar radiation on the greenhouse indoor conditions it has 
been decided to simulate in detail the radiation fluxes including the reflections which occur on 
each surface. Because of the easy way to manipulate outputs coming from Matlab Simulink® 
blocks, the entire model has been developed with this software. Therefore in this model, the 
solar radiation is treated in a completely different way from the citied studies. In paragraph 
2.3 a detailed description, including the artificial lighting system which (to the best of our 
knowledge) has never been modelled before, is provided. 
The model consists of a set of differential equations formally analogous with: 

𝑐𝑎𝑝 ∗ 𝜕𝑇
𝜕𝑡

= ∑(𝑝𝑜𝑤𝑒𝑟𝑖𝑛 − 𝑝𝑜𝑤𝑒𝑟𝑜𝑢𝑡)  

Equation 2.1 - [W] 

where 𝑇 [°C] is the temperature of the considered element, 𝑐𝑎𝑝 [J K-1] is its thermal capacity 
and the incoming and outgoing thermal power are in watts. There is one equation for each 
state variable. Although it is not shown in Figure 1, in order to consider properly the thermal 
conductivity and the thermal capacity respectively, the cover and the greenhouse soil are 
modelled with more layers. 

2.1.3 Notational conventions 
All the state variables, fluxes, inputs, superscripts and subscripts are listed Appendix A. The 
state variables are labelled by names with capital letters followed by one subscript, e.g. TairAS. 
The model fluxes start with a capital letter and are followed by two subscripts. The first 
denote the source of the flux and the second subscript represents the destination of the flux, 
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e.g. QairAS→Scr. The radiation fluxes start with the capital letter R. Those followed by the 
subscript sun are calculated in the «solar radiation (sub)model» while those with the subscript 
FIR are calculated in the «Far Infrared Radiation (sub)model». 
The subscript in or out used in FIR fluxes indicate ingoing and outgoing radiation respectively, 
e.g. 𝑅𝐹𝐼𝑅_𝑖𝑛_𝑆𝑐𝑟. 
Differently by other fluxes, for those calculated in the «solar radiation (sub)model» the first 
subscript (now with capital letters) indicate the Simulink® block where they are computed. 
For instance, Rsun_CAN→can indicates the heat absorbed by the canopy. This heat flux is 
calculated in the «solar radiation (sub)model» in the Simulink® block used to model the 
presence of the canopy. 

2.2 STATE VARIABLES 

2.2.1 Cover 
The cover is simulated with two differential equations; one describes the inner side and one 
the outer side. The thermal capacity is equally partitioned on the two layers and the absorbed 
solar radiation is a heat gain only of the inner one. 
The temperature of the cover outer layer is described by: 

𝜕𝑇𝑐𝑜𝑣.𝑜𝑢𝑡
𝜕𝑡

∗ (0.5 ∗ 𝑐𝑎𝑝𝑐𝑜𝑣) = 𝑄𝑜𝑢𝑡→𝑐𝑜𝑣.𝑜𝑢𝑡 − 𝑄𝑐𝑜𝑣.𝑜𝑢𝑡→𝑐𝑜𝑣.𝑖𝑛 − 𝑅𝐹𝐼𝑅_𝑐𝑜𝑣.𝑜𝑢𝑡→𝑠𝑘𝑦  

Equation 2.2 - [W] 

where 𝑐𝑎𝑝𝑐𝑜𝑣 is the thermal capacity of the cover, 𝑄𝑜𝑢𝑡→𝑐𝑜𝑣.𝑜𝑢𝑡 is the heat exchange between 
the outside air and the outer cover layer, 𝑄𝑐𝑜𝑣.𝑜𝑢𝑡→𝑐𝑜𝑣.𝑖𝑛 is the sensible heat transferred by 
conduction from one side to the other side of the cover, 𝑅𝐹𝐼𝑅_𝑐𝑜𝑣.𝑜𝑢𝑡→𝑜𝑢𝑡 is the FIR exchange 
between the cover and the sky. 
The temperature of the cover inner side is described by: 

𝜕𝑇𝑐𝑜𝑣.𝑖𝑛
𝜕𝑡

∗ (0.5 ∗ 𝑐𝑎𝑝𝑐𝑜𝑣) = 𝑄𝑐𝑜𝑣.𝑜𝑢𝑡→𝑐𝑜𝑣.𝑖𝑛 + 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑐𝑜𝑣.𝑖𝑛 + 𝑅𝑠𝑢𝑛𝐶𝑂𝑉→𝑐𝑜𝑣 +

𝑅𝐹𝐼𝑅_𝑖𝑛_𝑐𝑜𝑣.𝑖𝑛 − 𝑄𝑐𝑜𝑣.𝑖𝑛→𝑎𝑖𝑟𝐴𝑆  
Equation 2.3 - [W] 

where 𝑐𝑎𝑝𝑐𝑜𝑣 is the thermal capacity of the cover, 𝑄𝑐𝑜𝑣.𝑜𝑢𝑡→𝑐𝑜𝑣.𝑖𝑛 is the heat transfer due to 
conduction from the outer to the inner side, 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑐𝑜𝑣.𝑖𝑛 is the latent heat caused by 
condensation on the greenhouse cover, 𝑅𝑠𝑢𝑛𝐶𝑂𝑉→𝑐𝑜𝑣 is the total solar radiation absorbed by 
the cover, 𝑅𝐹𝐼𝑅_𝑖𝑛_𝑐𝑜𝑣.𝑖𝑛  is the sum of all the FIR exchanges which involve the cover, 
𝑄𝑐𝑜𝑣.𝑖𝑛→𝑎𝑖𝑟𝐴𝑆  is the heat exchanged by convection from the cover to the greenhouse air 
above the screen. 

2.2.2 Air volume above screen 
The temperature of the volume of air above the screen is described by: 

𝜕𝑇𝑎𝑖𝑟𝐴𝑆
𝜕𝑡

∗ 𝑐𝑎𝑝𝑎𝑖𝑟𝐴𝑆 = 𝑄𝑐𝑜𝑣.𝑖𝑛→𝑎𝑖𝑟𝐴𝑆 + 𝑄𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 − 𝑄𝑎𝑖𝑟𝐴𝑆→𝑆𝑐𝑟 − 𝑄𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡  

Equation 2.4 - [W] 
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where 𝑐𝑎𝑝𝑎𝑖𝑟𝐴𝑆 is the thermal capacity of the air in the top compartment, Qcov.in→airAS is the 
heat exchange from the cover to the air, 𝑄𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 is the heat exchange between the two 
compartments due the air flow through the screen 𝛷𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 (see Equation 2.35), QairAS→Scr 
is the heat exchange from the air to the screen, 𝑄𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡  is the heat exchange due the 
airflow through the roof vents. 
The water vapour concentration in the air above the screen is described by: 

𝜕 𝐶_𝐻2𝑂𝑎𝑖𝑟𝐴𝑆
𝜕𝑡

∗ 𝑉𝑎𝑖𝑟𝐴𝑆 = 𝛷𝐻2𝑂_𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 − 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑐𝑜𝑣.𝑖𝑛 − 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑆𝑐𝑟𝑈 − 𝛷𝐻2𝑂_𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡  

Equation 2.5 - [kg{H2O} s-1] 

where 𝑉𝑎𝑖𝑟𝐴𝑆 [m3
{air}] is the volume of the air above the screen, 𝛷𝐻2𝑂_𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 is the water 

which migrates from the air to the air above the screen due the airflow through the screen, 
𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑐𝑜𝑣.𝑖𝑛  is the water condensation rate on the cover, 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑆𝑐𝑟𝑈  is the water 
condensation rate on the upper side of the screen, 𝛷𝐻2𝑂_𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡  is the water outgoing 
through the roof vents. 

2.2.3 Blackout screen 
The temperature of the blackout screen is described by: 

𝜕𝑇𝑆𝑐𝑟
𝜕𝑡

∗ 𝑐𝑎𝑝𝑆𝑐𝑟 = 𝑄𝑎𝑖𝑟𝐴𝑆→𝑆𝑐𝑟 + 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑆𝑐𝑟𝑈 + 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑆𝑐𝑟𝐿 + 𝑅𝐹𝐼𝑅_𝑖𝑛_𝑆𝑐𝑟 +

𝑅𝑠𝑢𝑛𝑆𝐶𝑅→𝑆𝑐𝑟 − 𝑄𝑆𝑐𝑟→𝑎𝑖𝑟 − 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑆𝑐𝑟  
Equation 2.6 - [W] 

where 𝑐𝑎𝑝𝑆𝑐𝑟 is the thermal capacity of the blackout screen, 𝑄𝑎𝑖𝑟𝐴𝑆→𝑆𝑐𝑟 is the heat coming 
from the air above the screen, 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑆𝑐𝑟𝑈 and 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑆𝑐𝑟𝐿 are the latent heat 
caused by condensation on the upper and lower side of the screen respectively, 𝑅𝐹𝐼𝑅_𝑖𝑛_𝑆𝑐𝑟 is 
the sum of all the incoming FIR which involves the screen, 𝑅𝑠𝑢𝑛𝑆𝐶𝑅→𝑆𝑐𝑟 is the absorbed solar 
radiation, 𝑄𝑆𝑐𝑟→𝑎𝑖𝑟 is the heat exchange from the screen to the air below it, 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑆𝑐𝑟 is the 
outflow FIR. 

2.2.4 Air 
The temperature of the air is described by: 

𝜕𝑇𝑎𝑖𝑟
𝜕𝑡

∗ 𝑐𝑎𝑝𝑎𝑖𝑟 = 𝑄𝑆𝑐𝑟→𝑎𝑖𝑟 + 𝑄𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒→𝑎𝑖𝑟 + 𝑄𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑎𝑖𝑟 + 𝑅𝑠𝑢𝑛𝐿𝐴𝑀𝑃→𝑎𝑖𝑟 + 𝑄𝑙𝑒𝑎𝑘 +

𝑄𝑣𝑒𝑛𝑡 − 𝑄𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 − 𝑄𝑎𝑖𝑟→𝑐𝑎𝑛 − 𝑄𝑎𝑖𝑟→𝑓𝑙𝑜𝑜𝑟 − 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑓𝑜𝑔  
Equation 2.7 - [W] 

where 𝑐𝑎𝑝𝑎𝑖𝑟 is the thermal capacity of the air, 𝑄𝑆𝑐𝑟→𝑎𝑖𝑟 is the heat exchange from the screen 
to the air, 𝑄𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒→𝑎𝑖𝑟  is the heat released due convection by the growing pipes, 
𝑄𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑎𝑖𝑟 is the sensible heat released by the lower heating system, the term 𝑅𝑠𝑢𝑛𝐿𝐴𝑀𝑃→𝑎𝑖𝑟 
takes into account the sensible heat gain due the presence of the lamps, 𝑄𝑙𝑒𝑎𝑘 is the heat 
lost due leakages, 𝑄𝑣𝑒𝑛𝑡  is the heat exchange due the mechanical ventilation system, 
𝑄𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 is the heat exchange between the two compartments due the air flow through the 
screen 𝛷𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆  (see Equation 2.35), 𝑄𝑎𝑖𝑟→𝑐𝑎𝑛  is the heat exchange from the air to the 
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canopy, 𝑄𝑎𝑖𝑟→𝑓𝑙𝑜𝑜𝑟  is the heat exchanged with the floor, LH ∗ ΦH2O_fog  is the latent heat 
caused by the evaporation of the water supplied with the fog system. 
The water vapour concentration in the air is described by: 

𝜕 𝐶_𝐻2𝑂𝑎𝑖𝑟
𝜕𝑡

∗ 𝑉𝑎𝑖𝑟 = 𝛷𝐻2𝑂_𝑣𝑒𝑛𝑡 + 𝛷𝐻2𝑂_𝑓𝑜𝑔 + 𝛷𝐻2𝑂_𝑒𝑣𝑎𝑝_𝑐𝑎𝑛 − 𝛷𝐻2𝑂_𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 − 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑆𝑐𝑟𝐿  

Equation 2.8 - [kg{H2O} s-1] 

where 𝑉𝑎𝑖𝑟 [m3
{air}] is the volume of the air, 𝛷𝐻2𝑂_𝑣𝑒𝑛𝑡 is the quantity of water entering due the 

mechanical ventilation, 𝛷𝐻2𝑂_𝑓𝑜𝑔 is the water supplied by the fog system, 𝛷𝐻2𝑂_𝑒𝑣𝑎𝑝_𝑐𝑎𝑛 is the 
water released by the canopy transpiration, 𝛷𝐻2𝑂_𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 is the water which migrate from 
the air to the air above the screen, 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑆𝑐𝑟𝐿 is the water condensation rate on the lower 
side of the screen. 

2.2.5 Canopy 
The temperature of the crop is described by: 

𝜕𝑇𝑐𝑎𝑛
𝜕𝑡

∗ 𝑐𝑎𝑝𝑐𝑎𝑛 = 𝑄𝑎𝑖𝑟→𝑐𝑎𝑛 + 𝑅𝐹𝐼𝑅_𝑖𝑛_𝑐𝑎𝑛 + 𝑅𝑠𝑢𝑛𝐶𝐴𝑁→𝑐𝑎𝑛 − 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑐𝑎𝑛 − 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑒𝑣𝑎𝑝_𝑐𝑎𝑛  

Equation 2.9 - [W] 

where 𝑐𝑎𝑝𝑐𝑎𝑛 is the thermal capacity of the canopy, 𝑄𝑎𝑖𝑟→𝑐𝑎𝑛 is heat exchange from the air to 
the canopy, 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 is the thermal radiation released by the growing pipe, 𝑅𝐹𝐼𝑅_𝑖𝑛_𝑐𝑎𝑛 
is the sum of all the incoming FIR which involves the canopy, 𝑅𝑠𝑢𝑛𝐶𝐴𝑁→𝑐𝑎𝑛  is the solar 
radiation absorbed by the canopy, 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑐𝑎𝑛  is the thermal radiation outgoing from the 
canopy, 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑒𝑣𝑎𝑝_𝑐𝑎𝑛 is the latent heat due the canopy evaporation. 

2.2.6 Floor 
The floor layer is the first layer of the greenhouse basement and its temperature is described 
by: 

𝜕𝑇𝑓𝑙𝑜𝑜𝑟

𝜕𝑡
∗ 𝑐𝑎𝑝𝑓𝑙𝑜𝑜𝑟 = 𝑄𝑎𝑖𝑟→𝑓𝑙𝑜𝑜𝑟 + 𝑅𝑠𝑢𝑛𝐹𝐿𝑂𝑂𝑅→𝑓𝑙𝑜𝑜𝑟 + 𝑅𝐹𝐼𝑅_𝑖𝑛_𝑓𝑙𝑜𝑜𝑟 − 𝑄𝑓𝑙𝑜𝑜𝑟→𝑠𝑜𝑖𝑙 −

𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑓𝑙𝑜𝑜𝑟  
Equation 2.10 - [W] 

where 𝑐𝑎𝑝𝑓𝑙𝑜𝑜𝑟 is the thermal capacity of the floor, 𝑄𝑎𝑖𝑟→𝑓𝑙𝑜𝑜𝑟 is the heat exchange from the 
air to the floor, the term 𝑅𝑠𝑢𝑛𝐹𝐿𝑂𝑂𝑅→𝑓𝑙𝑜𝑜𝑟 refers to the absorbed solar radiation, 𝑅𝐹𝐼𝑅_𝑖𝑛_𝑓𝑙𝑜𝑜𝑟 is 
the absorbed thermal radiation, 𝑄𝑓𝑙𝑜𝑜𝑟→𝑠𝑜𝑖𝑙  is the heat flux due conduction from the floor 
surface to the next soil layer, 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑓𝑙𝑜𝑜𝑟 is the outgoing thermal radiation. 

2.2.7 Soil 
Because of the high thermal capacity, the soil is divided in five layers with an increasing 
thickness with increasing soil depth. The soil temperature 𝑇𝑠𝑜𝑖𝑙 𝑗 of layer 𝑗 is described by: 

𝜕𝑇𝑠𝑜𝑖𝑙 𝑗

𝜕𝑡
∗ 𝑐𝑎𝑝𝑠𝑜𝑖𝑙 𝑗 = 𝑄𝑠𝑜𝑖𝑙 𝑗−1→𝑠𝑜𝑖𝑙 𝑗 − 𝑄𝑠𝑜𝑖𝑙 𝑗→𝑠𝑜𝑖𝑙 𝑗+1  𝑗 = 1,2 …  5 

Equation 2.11 - [W] 
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where 𝑐𝑎𝑝𝑠𝑜𝑖𝑙 𝑗 is the heat capacity of each soil layer, Qsoil j−1→soil j is the conductive heat flux 
from layer 𝑗 − 1 to 𝑗 and Qsoil j→soil j+1 is the heat exchange from layer 𝑗 to 𝑗 + 1. 

2.2.8 Growing pipes 
The temperature of the growing pipes is described by: 

𝜕𝑇𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒

𝜕𝑡
∗ 𝑐𝑎𝑝𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 = 𝑄𝑠𝑢𝑝𝑝𝑙𝑦_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 − 𝑄𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒→𝑎𝑖𝑟 − 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒  

Equation 2.12 - [W] 

where 𝑐𝑎𝑝𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒  is the thermal capacity of the pipes, 𝑄𝑠𝑢𝑝𝑝𝑙𝑦_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 is the input power, 
𝑄𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒→𝑎𝑖𝑟  is the sensible heat exchanged with the air, 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒  is the thermal 
radiation released by the pipes. 

2.2.9 Pipes lower heating system 
The temperature of the lower heating system pipes is described by: 

𝜕𝑇𝑝𝑖𝑝𝑒𝐿𝐻𝑆

𝜕𝑡
∗ 𝑐𝑎𝑝𝑝𝑖𝑝𝑒𝐿𝐻𝑆 = 𝑄𝑠𝑢𝑛𝑃𝐼𝑃𝐸𝐿𝐻𝑆→𝑝𝑖𝑝𝑒𝐿𝐻𝑆 + 𝑄𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑖𝑝𝑒𝐿𝐻𝑆 − 𝑄𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑎𝑖𝑟 −

𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑝𝑖𝑝𝑒𝐿𝐻𝑆  
Equation 2.13 - [W] 

where 𝑐𝑎𝑝𝑝𝑖𝑝𝑒𝐿𝐻𝑆  is the thermal capacity of the pipes, 𝑄𝑠𝑢𝑛𝑃𝐼𝑃𝐸𝐿𝐻𝑆→𝑝𝑖𝑝𝑒𝐿𝐻𝑆  is the solar 
radiation absorbed by the pipes, 𝑄𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑖𝑝𝑒𝐿𝐻𝑆 is the power furnished by heat generator, 
𝑄𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑎𝑖𝑟  is the heat exchanged with the air, 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑝𝑖𝑝𝑒𝐿𝐻𝑆  is the thermal radiation 
outgoing from the pipes. 

2.3 SOLAR RADIATION (SUB)MODEL 
The absorbed, reflected and transmitted radiation of any surface depends on the wavelength. 
In this studio the solar radiation and consequently the response of every surface is divided in 
PAR, NIR, FIR. 
According to Papadakis, et al. [ 23 ], the global solar radiation on a horizontal plane is divided 
as follows: 40% PAR, 39% NIR, 21% FIR. 
Figure 2 shows the model for each surface. Each element is described using predefined 
coefficients for absorption (α), reflection (ρ) and transmission (τ), one for each wavelength 
interval. Each surface is modelled with two incoming radiation streams: one from the top and 
one from the bottom. 
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Figure 2 – Basic idea of how each surface is modelled  

The incident radiation is split into three one-dimensional streams according to following 
relations: 

𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 = 𝛼 ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  
𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 = 𝜌 ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  
𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 = 𝜏 ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  

Equation 2.14 – [W] 

Summing the two absorbed radiation streams we obtain one of the heat fluxes for the 
calculation of the surface temperature. The stream corresponding to the transmitted radiation 
represents, with the reflected radiation on the same side, the incident radiation for the next 
modelled surface. Same methodology has been used for PAR, NIR and FIR. 
To model discontinuous surface (pipes and lamps), part of the incident radiation is directly 
summed to the transmitted. This quota of radiation which bypasses the basic surface model 
is calculated using area ratios. Although a similar method can be used, the discontinuity of 
the blackout screen when it is fully (or partially) open, has been modelled differently. The 
optical properties are modified according to following equations, where UScr  {0-1} is the 
variable of control for the screen closure rate (see chapter 3). 

𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 = (𝑈𝑆𝑐𝑟 ∗ 𝛼) ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝛼𝑈 ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  
𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 = (𝑈𝑆𝑐𝑟 ∗ 𝜌) ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝜌𝑈 ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  
𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 = [1 − 𝑈𝑆𝑐𝑟 ∗ (1 − 𝜏)] ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝜏𝑈 ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  

Equation 2.15 – [W] 

This method permits definition of the transmission coefficient τU , function of the screen 
closure rate, which is useful in order to calculate the view factors when we consider FIR 
fluxes. 
A graphical representation of the above is given in Figure 3. They grey box represent the 
relations showed in Figure 2 and the same notation has been used. 

Incident (T) Reflected (T) 

Transmitted (T) 

Absorbed (T) 

Incident (B) Reflected (B) 

Transmitted (B) 

Absorbed (B) 
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Figure 3 – Block to model each surface 

Duplicating this block for each considered surface and coupling in series each other, it is 
possible to model an infinity quantity of elements. This schema has also to be reproduced a 
number of times equal to the chosen wavelength zones (PAR, NIR, FIR), however these last 
blocks are completely independent from each other and works in parallel. The only point 
where they are coupled each other is during the calculation of the output 9 which is the sum 
of all the absorbed radiation considering all wavelength zones. 

2.3.1 Lamps model 
It is impossible to define, with enough precision, a temperature of the lamps which can be 
used to calculate the radiation exchanged and also the heat losses released to the air due to 
convection; the lamps are not modelled with a differential equation. 
The lamps model is obtained modifying slightly the surface block model just seen in Figure 3. 
In this block, because the lamps temperature is not calculated, we assume that the absorbed 
solar radiation (output 9 in Figure 3) is an heat gain of the air without consider the thermal 
capacity of the lamps. 
The total electrical power absorbed by the lamps 𝑊𝑙𝑎𝑚𝑝 [W] is divided in PAR, NIR, FIR and 
heat according to following percentage. These values are an adaption of those reported in 
ASHRAE Handbook [ 1 ]. 
 

 15 % ballast losses 
 13 % conduction and convection 
100 %  = 26 % PAR 
 10 % NIR 
 36 % FIR 

Equation 2.16 

Where: 
𝐴𝑅 = 𝐴𝑟𝑒𝑎 𝑅𝑎𝑡𝑖𝑜   
2 = 𝐴𝑅 ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 (𝑇)   
3 = 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 (𝑇) +  Re�lected (B)   
6 = 𝐴𝑅 ∗ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 (𝐵)   
7 = 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 (𝐵) + 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 (𝑇)   
9 = 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 (𝑇) + 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 (𝐵)  

1 

2 

3 

4 

AR 1-AR 

8 

7 

6 

5 

+ 

+ AR 1-AR 

9 
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The radiation furnished by the lamp is simply added to the radiation streams 4 and 8 of the 
lamp surface block. It has been assumed that the emitted PAR goes only downwards while 
radiation of different wavelength is 50% upwards and 50% downwards. The convective heat 
flow and the ballast losses represent an input for the calculation of the air temperature; 
therefore this thermal power is directly summed to the stream 9. 

2.3.2 Summary scheme 
According with the numbers used in Figure 3, following table defines all the solar radiation 
(sub)model. To consider the metal structure which props the glass panels of the cover, the 
global solar radiation on a horizontal plane 𝐼ℎ𝑜𝑟𝑖𝑧 has been pre-multiplied by 0.99. 
 

  PAR NIR FIR 

C
O

VE
R

 𝐴𝑅𝑐𝑜𝑣 = 1  
1𝑐𝑜𝑣 =  0.40*0.99*Ihoriz 0.39*0.99*Ihoriz 0.21*0.99*Ihoriz 

𝑅𝑠𝑢𝑛𝐶𝑂𝑉→𝑐𝑜𝑣 = ∑   9cov 9cov 9cov 
5𝑐𝑜𝑣 =  8Scr 8Scr 8Scr 

SC
R

EE
N

 𝐴𝑅𝑆𝑐𝑟 = 1  
1𝑆𝑐𝑟 =  4cov 4cov 4cov 

𝑅𝑠𝑢𝑛𝑆𝐶𝑅→Scr = ∑   9Scr 9Scr 9Scr 
5𝑆𝑐𝑟 =  8lamp+0.00Wlamp 8lamp+0.05Wlamp 8lamp+0.18Wlamp 

LA
M

PS
 𝐴𝑅𝑙𝑎𝑚𝑝 = Alamp/𝐴𝑓𝑙𝑜𝑜𝑟  

1𝑙𝑎𝑚𝑝 =  4pipeUHS 4pipeUHS 4pipeUHS 
𝑅𝑠𝑢𝑛𝐿𝐴𝑀𝑃→air = ∑ 0.28Wlamp  9lamp 9lamp 9lamp 

5𝑙𝑎𝑚𝑝 =  8can 8can 8can 

C
AN

O
PY

 𝐴𝑅𝑐𝑎𝑛 = 1  
1𝑐𝑎𝑛 =  4lamp+0.26Wlamp 4lamp+0.05Wlamp 4lamp+0.18Wlamp 

𝑅𝑠𝑢𝑛𝐶𝐴𝑁→can = ∑   9can 9can 9can 
5𝑐𝑎𝑛 =  8pipeLHS 8pipeLHS 8pipeLHS 

PI
PE

 L
H

S 𝐴𝑅𝑝𝑖𝑝𝑒𝐿𝐻𝑆 = 0.5 ∗ ApipeLHS/𝐴𝑓𝑙𝑜𝑜𝑟  
1𝑝𝑖𝑝𝑒𝐿𝐻𝑆 =  4can 4can 4can 

𝑅𝑠𝑢𝑛𝑃𝐼𝑃𝐸𝐿𝐻𝑆→pipeLHS = ∑   9pipeLHS 9pipeLHS 9pipeLHS 
5𝑝𝑖𝑝𝑒𝐿𝐻𝑆 =  8floor 8floor 8floor 

FL
O

O
R

 𝐴𝑅𝑓𝑙𝑜𝑜𝑟 = 1  
1𝑓𝑙𝑜𝑜𝑟 =  4pipeLHS 4pipeLHS 4pipeLHS 

𝑅𝑠𝑢𝑛𝐹𝐿𝑂𝑂𝑅→�loor = ∑   9floor + 4floor 9floor + 4floor 9floor + 4floor 
Table 1 – Solar radiation (sub)model: coupling scheme 
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2.4 FAR INFRARED RADIATION (SUB)MODEL 
The net infrared radiation from surface 𝑖 to 𝑗 are described by: 

𝑅𝐹𝐼𝑅_𝑖→𝑗 = 𝐴𝑖 𝜀𝑖  𝜀𝑗 𝐹𝑖→𝑗 𝜎 �(𝑇𝑖 + 273.15)4 − �𝑇𝑗 + 273.15�4�  

Equation 2.17 – [W] 

where 𝐴𝑖  [m2] is the surface of object 𝑖 , 𝜀𝑖  [-] and 𝜀𝑗  [-] are the thermal infrared emission 
coefficients for object 𝑖 and 𝑗 respectively, 𝐹𝑖→𝑗 [-] is the view factor from surface 𝑖 to 𝑗, 𝜎 [W 
m-2 K-4] is the Stefan Boltzmann constant, 𝑇𝑖 [°C] and 𝑇𝑗 [°C] are the temperatures of object 𝑖 
and 𝑗 respectively. 
On Figure 4 a graphical overview of all thermal radiation streams modelled is given, while 
Table 2 shows the equations of 𝐴𝑖 and 𝐹𝑖→𝑗 . The accompanying emission coefficients are 
shown in Appendix D. 

 
Figure 4 – Thermal radiation streams 

Some cover materials are partly transparent for FIR. Therefore, the FIR fluxes from the 
greenhouse objects to the sky are described. For instance, this permits to evaluate the 
influence of different covering material on the annual energy demand. 

Tcov 

Tfloor 

TScr 

TpipeLHS 

Tcan 

Tgrowpipe 

Tsky 
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To describe the effect of the blackout screen on the FIR fluxes, FIR transmission coefficient 
is used which depends on the control of the screen 𝑈𝑆𝑐𝑟 and its optical properties (see also 
Equation 2.15). 

𝜏𝐹𝐼𝑅_𝑈_𝑆𝑐𝑟 = �1 − 𝑈𝑆𝑐𝑟 ∗ �1 − 𝜏𝐹𝐼𝑅_𝑆𝑐𝑟��  
Equation 2.18 – [-] 

𝐑𝐅𝐈𝐑_𝒊→𝒋 [W] 𝑨𝒊 [m
2] 𝑭𝒊→𝒋 [-] 

𝑅𝐹𝐼𝑅_𝑐𝑜𝑣.𝑜𝑢𝑡→sky  𝐴𝑐𝑜𝑣  𝐹𝑐𝑜𝑣.𝑜𝑢𝑡→sky = 1  

𝑅𝐹𝐼𝑅_𝑆𝑐𝑟→sky  𝐴𝑓𝑙𝑜𝑜𝑟  𝐹𝑆𝑐𝑟→sky = UScr ∗ τFIR_cov  

𝑅𝐹𝐼𝑅_𝑆𝑐𝑟→cov.in  𝐴𝑓𝑙𝑜𝑜𝑟  𝐹𝑆𝑐𝑟→cov.in = UScr  

𝑅𝐹𝐼𝑅_can→sky  𝐴𝑓𝑙𝑜𝑜𝑟(1 − 𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼)  𝐹𝑐𝑎𝑛→sky = τFIR_cov ∗ τFIR_U_Scr  

𝑅𝐹𝐼𝑅_can→cov.in  𝐴𝑓𝑙𝑜𝑜𝑟(1 − 𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼)  𝐹𝑐𝑎𝑛→cov.in = τFIR_U_Scr  

𝑅𝐹𝐼𝑅_can→Scr  𝐴𝑓𝑙𝑜𝑜𝑟(1 − 𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼)  𝐹𝑐𝑎𝑛→Scr = UScr  

𝑅𝐹𝐼𝑅_can→�loor  𝐴𝑓𝑙𝑜𝑜𝑟(1 − 𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼)  𝐹𝑐𝑎𝑛→�loor = 1 − 0.5 ∗ ApipeLHS/A�loor  

𝑅𝐹𝐼𝑅_growpipe→can  𝐴𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒  𝐹𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒→can = 1  

𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→sky  𝐴𝑝𝑖𝑝𝑒𝐿𝐻𝑆  𝐹𝑝𝑖𝑝𝑒𝐿𝐻𝑆→sky = 0.5 ∗ τFIR_cov ∗ τFIR_U_Scr ∗ 𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼  

𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→cov.in  𝐴𝑝𝑖𝑝𝑒𝐿𝐻𝑆  𝐹𝑝𝑖𝑝𝑒𝐿𝐻𝑆→cov.in = 0.5 ∗ τFIR_U_Scr ∗ 𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼  

𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→Scr  𝐴𝑝𝑖𝑝𝑒𝐿𝐻𝑆  𝐹𝑝𝑖𝑝𝑒𝐿𝐻𝑆→Scr = 0.5 ∗ UScr ∗ 𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼  

𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→can  𝐴𝑝𝑖𝑝𝑒𝐿𝐻𝑆  𝐹𝑝𝑖𝑝𝑒𝐿𝐻𝑆→can = 0.5 ∗ (1 − 𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼)  

𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→�loor  𝐴𝑝𝑖𝑝𝑒𝐿𝐻𝑆  𝐹𝑝𝑖𝑝𝑒𝐿𝐻𝑆→�loor = 0.5  

𝑅𝐹𝐼𝑅_𝑓𝑙𝑜𝑜𝑟→sky  𝐴𝑓𝑙𝑜𝑜𝑟  𝐹𝑓𝑙𝑜𝑜𝑟→sky = τFIR_covτFIR_U_Scr�1 − 0.5ApipeLHS/A�loor�𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼  

𝑅𝐹𝐼𝑅_𝑓𝑙𝑜𝑜𝑟→cov.in  𝐴𝑓𝑙𝑜𝑜𝑟  𝐹𝑓𝑙𝑜𝑜𝑟→cov.in = τFIR_U_Scr�1 − 0.5ApipeLHS/A�loor�𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼  

𝑅𝐹𝐼𝑅_𝑓𝑙𝑜𝑜𝑟→Scr  𝐴𝑓𝑙𝑜𝑜𝑟  𝐹𝑓𝑙𝑜𝑜𝑟→Scr = UScr�1 − 0.5ApipeLHS/A�loor�𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼  

Table 2 – Equations of Ai and Fij used to calculate the FIR fluxes 
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In order to simplify the management of inflows and outflows from the various surfaces, all the 
FIR fluxes are summed according to the following equations. 

2.4.1 Cover 
The outgoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑐𝑜𝑣.𝑜𝑢𝑡→𝑠𝑘𝑦 = 𝐴𝑐𝑜𝑣 ∗ 𝜀𝐹𝐼𝑅_𝑐𝑜𝑣 ∗ �(𝑇𝑐𝑜𝑣 + 273.15)4 − �𝑇𝑠𝑘𝑦 + 273.15�4�  

Equation 2.19 – [W] 

The ingoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑖𝑛_𝑐𝑜𝑣.𝑖𝑛 = 𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑐𝑜𝑣.𝑖𝑛 + 𝑅𝐹𝐼𝑅_𝑆𝑐𝑟→𝑐𝑜𝑣.𝑖𝑛 + 𝑅𝐹𝐼𝑅_𝑐𝑎𝑛→𝑐𝑜𝑣.𝑖𝑛 + 𝑅𝐹𝐼𝑅_𝑓𝑙𝑜𝑜𝑟→𝑐𝑜𝑣.𝑖𝑛  
Equation 2.20 – [W] 

2.4.2 Blackout screen 
The outgoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑆𝑐𝑟 = 𝑅𝐹𝐼𝑅_𝑆𝑐𝑟→𝑠𝑘𝑦 + 𝑅𝐹𝐼𝑅_𝑆𝑐𝑟→𝑐𝑜𝑣.𝑖𝑛  
Equation 2.21 – [W] 

The ingoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑖𝑛_𝑆𝑐𝑟 = 𝑅𝐹𝐼𝑅_𝑐𝑎𝑛→𝑆𝑐𝑟 + 𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑆𝑐𝑟 + 𝑅𝐹𝐼𝑅_𝑓𝑙𝑜𝑜𝑟→𝑆𝑐𝑟  
Equation 2.22 – [W] 

2.4.3 Canopy 
The outgoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑐𝑎𝑛 = 𝑅𝐹𝐼𝑅_𝑐𝑎𝑛→𝑠𝑘𝑦 + 𝑅𝐹𝐼𝑅_𝑐𝑎𝑛→𝑐𝑜𝑣.𝑖𝑛 + 𝑅𝐹𝐼𝑅_𝑐𝑎𝑛→𝑆𝑐𝑟 + 𝑅𝐹𝐼𝑅_𝑐𝑎𝑛→𝑓𝑙𝑜𝑜𝑟  
Equation 2.23 – [W] 

The ingoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑖𝑛_𝑐𝑎𝑛 = 𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑐𝑎𝑛 + 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒  
Equation 2.24 – [W] 

2.4.4 Floor 
The outgoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑓𝑙𝑜𝑜𝑟 = 𝑅𝐹𝐼𝑅_𝑓𝑙𝑜𝑜𝑟→𝑠𝑘𝑦 + 𝑅𝐹𝐼𝑅_𝑓𝑙𝑜𝑜𝑟→𝑐𝑜𝑣.𝑖𝑛 + 𝑅𝐹𝐼𝑅_𝑓𝑙𝑜𝑜𝑟→𝑆𝑐𝑟  
Equation 2.25 – [W] 

The ingoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑖𝑛_𝑓𝑙𝑜𝑜𝑟 = 𝑅𝐹𝐼𝑅_𝑐𝑎𝑛→𝑓𝑙𝑜𝑜𝑟 + 𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑓𝑙𝑜𝑜𝑟  
Equation 2.26 – [W] 
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2.4.5 Growing pipes 
The outgoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 = 𝐴𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 ∗ 𝜀𝐹𝐼𝑅𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 ∗ 𝜀𝐹𝐼𝑅𝑐𝑎𝑛 ∗ ��𝑇𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 + 273.15�4 −

(𝑇𝑐𝑎𝑛 + 273.15)4�  
Equation 2.27 – [W] 

2.4.6 Pipes lower heating system 
The outgoing FIR is described by: 

𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑝𝑖𝑝𝑒𝐿𝐻𝑆 = 𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑠𝑘𝑦 + 𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑐𝑜𝑣.𝑖𝑛 + 𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑆𝑐𝑟 +
𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑐𝑎𝑛 + 𝑅𝐹𝐼𝑅_𝑝𝑖𝑝𝑒𝐿𝐻𝑆→𝑓𝑙𝑜𝑜𝑟  

Equation 2.28 – [W] 
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2.5 CONVECTION AND CONDUCTION 
The heat fluxes due convection or conduction between objects 1 and 2 are described by: 

𝑄1→2 = 𝐴 𝐾1→2 (𝑇1 − 𝑇2)  
Equation 2.29 – [W] 

where 𝑄1→2 is the heat flow from object 1 to object 2, 𝐴 [m2] is the surface of heat exchange, 
𝐾1→2 [W m-2 K-1] is the heat exchange coefficient between objects 1 and 2, 𝑇1 and 𝑇2 [°C] are 
the temperatures of objects 1 and 2 respectively. All the convective and conductive heat 
fluxes and their heat exchange coefficients are presented in next table. 
The conditional “if/else” statements are done using a smoothed function as described in 
Appendix A. 
 

𝑸𝟏→𝟐 [W] 𝑨 [m2] 𝑲𝟏→𝟐 [W m-2 K-1] 

𝑄out→cov.out  𝐴𝑓𝑙𝑜𝑜𝑟/ cos 𝜃  𝐾out→cov.out = 2.80 + 1.20|𝑣𝑤𝑖𝑛𝑑|1.0  𝑣𝑤𝑖𝑛𝑑 < 4 m/s 
𝐾out→cov.out = 0.00 + 2.50|𝑣𝑤𝑖𝑛𝑑|0.8  𝑣𝑤𝑖𝑛𝑑 > 4 m/s 

𝑄cov.out→cov.in  𝐴𝑓𝑙𝑜𝑜𝑟/ cos 𝜃  𝐾cov.out→cov.in = λcov/dcov  

𝑄cov.in→airAS  𝐴𝑓𝑙𝑜𝑜𝑟/ cos 𝜃  𝐾cov.in→airAS = 3.0|𝑇1 − 𝑇2|0.33  

𝑄airAS→Scr  𝐴𝑓𝑙𝑜𝑜𝑟  𝐾airAS→Scr = UScr1.7|𝑇1 − 𝑇2|0.33  

𝑄Scr→air  𝐴𝑓𝑙𝑜𝑜𝑟  𝐾Scr→air = UScr1.7|𝑇1 − 𝑇2|0.33  

𝑄air→can  2 𝐿𝐴𝐼 𝐴𝑓𝑙𝑜𝑜𝑟  𝑄air→can = 𝛼𝐿𝑒𝑎𝑓𝐴𝑖𝑟  𝛼𝐿𝑒𝑎𝑓𝐴𝑖𝑟 = 5 W m-2 K-1 

𝑄air→�loor  𝐴𝑓𝑙𝑜𝑜𝑟  
𝐾air→�loor = 1.7|𝑇1 − 𝑇2|0.33  𝑇𝑓𝑙𝑜𝑜𝑟 > 𝑇𝑎𝑖𝑟 
𝐾air→�loor = 1.3|𝑇1 − 𝑇2|0.33  𝑇𝑓𝑙𝑜𝑜𝑟 < 𝑇𝑎𝑖𝑟 

𝑄�loor→soil1  𝐴𝑓𝑙𝑜𝑜𝑟  𝐾�loor→soil1 = 2/(d�loor/λ�loor + dsoil1/λsoil)  

𝑄soil j−1→soil j  𝐴𝑓𝑙𝑜𝑜𝑟  𝐾soil j−1→soil j = 2/�dsoil j−1/λsoil + dsoil j/λsoil�  

𝑄growpipe→air  𝐴𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒  𝐾growpipe→air = 1.28|𝑇1 − 𝑇2|0.25 ∗ Φ𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒_𝑜𝑢𝑡
−0.25  

𝑄pipeLHS→air  𝐴𝑝𝑖𝑝𝑒𝐿𝐻𝑆  𝐾pipeLHS→air = 1.28|𝑇1 − 𝑇2|0.25 ∗ Φ𝐿𝐻𝑆_𝑜𝑢𝑡
−0.25  

Table 3 – Equations used to calculate the convective and conductive heat fluxes 
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2.6 AIR FLOWS 
All heat exchange due air flows are calculated according to: 

𝑄𝑖 = 𝛷𝑖  𝑐𝑝_𝑎𝑖𝑟 𝜌𝑎𝑖𝑟 (𝑇1 − 𝑇2)  
Equation 2.30 – [W] 

where Φ𝑖 [m3 s-1] is the air flow rate, 𝑐𝑝_𝑎𝑖𝑟 [J kg-1 K-1] is the specific thermal capacity of the 
air, 𝜌𝑎𝑖𝑟 [kg m-3] is the air density, T1 and T2 [°C] are the temperatures of the source and the 
sink of the air flux respectively. 
Following are described in details all air flows considered. 

2.6.1 Leakages 
The air flux due leakages is based on R. von Ooteghem [ 20 ] and is described by: 

𝛷𝑙𝑒𝑎𝑘 = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ [8.3 + 3.5 ∗ 𝑣𝑤𝑖𝑛𝑑] ∗ 10−5  
Equation 2.31 – [m3{air} s-1] 

where 𝐴𝑓𝑙𝑜𝑜𝑟 [m2] is the greenhouse area and 𝑣𝑤𝑖𝑛𝑑 [m s-1] is the wind speed. 
The related heat flux is: 

𝑄𝑙𝑒𝑎𝑘 = 𝛷𝑙𝑒𝑎𝑘 𝑐𝑝_𝑎𝑖𝑟 𝜌𝑎𝑖𝑟 (𝑇𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟)  
Equation 2.32 – [W] 

2.6.2 Natural ventilation 
The modelled greenhouse is provided with roof vents. The air flux calculation is based on 
Roy, et. al. [ 28 ] which consider the wind speed as well as the stack effect. The natural 
ventilation flow is described by: 

𝛷roofVent =
1
2

 UroofVent 𝐴𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡 𝐶𝑑 �
2 𝑔 ℎ𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡

4
∗

|𝑇𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟𝐴𝑆|
𝑇𝑚𝑒𝑎𝑛

+ 𝐶𝑤 ∗ 𝑣𝑤𝑖𝑛𝑑
2 

Equation 2.33 – [m3{air} s-1] 

where UroofVent  [-] is the roof vents aperture rate, 𝐴𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡  [m2] is the area of the roof 
opening, 𝐶𝑑 [-] the coefficient of discharge, 𝑔 [m s-2] is the gravity acceleration, ℎ𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡 is 
the vertical height of the opening, 𝑇𝑜𝑢𝑡 [°C] is the outdoor temperature and 𝑇𝑎𝑖𝑟𝐴𝑆 [°C] is the 
indoor temperature of the air above the screen, 𝑇𝑚𝑒𝑎𝑛  [K] is the average of previous 
temperatures, 𝐶𝑤 [-] wind discharge coefficient, 𝑣𝑤𝑖𝑛𝑑 [m s-1] is the wind speed. 
The related heat flux is: 

𝑄𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡 = 𝛷𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡  𝑐𝑝_𝑎𝑖𝑟 𝜌𝑎𝑖𝑟 (𝑇𝑎𝑖𝑟𝐴𝑆 − 𝑇𝑜𝑢𝑡)  
Equation 2.34 – [W] 
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2.6.3 Air flow through the screen 
The blackout screen is modelled as a porous medium. The air flow through it is the sum of 
two flows: one through the screen and one trough the opening. The calculation of this air flow 
is based on Miguel et al. [ 19 ] and is described by: 

𝛷𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆 = 𝑈𝑆𝑐𝑟 ∗ 𝐴𝑆𝑐𝑟 ∗ 8.8 ∗ 10−5|𝑇𝑎𝑖𝑟 − 𝑇𝑎𝑖𝑟𝐴𝑆| + (1 − 𝑈𝑆𝑐𝑟)𝐴𝑆𝑐𝑟 ∗ 𝐶𝑑�𝛥ℎ
2

∗ |𝑇𝑎𝑖𝑟−𝑇𝑎𝑖𝑟𝐴𝑆|
𝑇𝑚𝑒𝑎𝑛

  

Equation 2.35 – [m3{air} s-1] 

where 𝑈𝑆𝑐𝑟 [-] is the variable of control for the screen, 𝐴𝑆𝑐𝑟 = 𝐴𝑓𝑙𝑜𝑜𝑟 [m2] is the area of the 
screen, 𝐶𝑑 [-] coefficient of discharge, Δℎ [m] is assumed equal to the distance between the 
two ideal nodes where are calculated the temperatures, 𝑇𝑎𝑖𝑟 [°C] is the temperature of the 
air, 𝑇𝑎𝑖𝑟𝐴𝑆 [°C] is the temperature of the air above the screen, 𝑇𝑚𝑒𝑎𝑛 [K] is the average of 
previous temperatures. The quota of air which flows through the screen is equal to 8.8 ∗ 10−5 
[m3

{air} s-1 m-2 K-1] (this parameter is based on experimental results of Miguel at al., thus it is 
like to assume 0.09 as screen porosity and 7*10-10 m2 for permeability). 

2.7 WATER VAPOUR FLUXES 
All water vapour fluxes due to 𝛷𝑙𝑒𝑎𝑘 , 𝛷roofVent  and 𝛷𝑎𝑖𝑟→𝑎𝑖𝑟𝐴𝑆  air flows are described 
analogous to: 

𝜙𝐻2𝑂_𝑖 = 𝛷𝑖  (𝐶_𝐻2𝑂1 − 𝐶_𝐻2𝑂2)  
Equation 2.36 – [kg{H2O} s-1] 

where 𝜙𝐻2𝑂_𝑖 [kg{H2O} s-1] is the water vapour rate, 𝛷𝑖  [m3
{air} s-1] is the air flow, (𝐶_𝐻2𝑂1 −

𝐶_𝐻2𝑂2) is the water concentration [kg{H2O} m-3] difference between the two considered zones 
(the source and the sink of the air flow). 

2.7.1 Condensation 
All condensing water rates are described by: 

𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑖 = 𝐴𝑖  � 𝑐𝑝_𝑎𝑖𝑟 𝜌𝑎𝑖𝑟 𝐿𝑒2/3 𝐾1→2� ∗ (𝐶_𝐻2𝑂𝑎𝑖𝑟 − 𝐶_𝐻2𝑂𝑠𝑎𝑡)  
Equation 2.37 – [kg{H2O} s-1] 

where 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑖  [kg{H2O} s-1] is the rate of condensing water, 𝐴𝑖  [m2] is the area of the 
surface where the condensation occurs, 𝑐𝑝_𝑎𝑖𝑟 [J kg-1 K-1] is the air specific thermal capacity 
and 𝜌𝑎𝑖𝑟 [kg m-3] is its density, 𝐿𝑒 = 0.89 [-] is the Lewis number for water vapour in air, 𝐾1→2 
[W m-2 K-1] is the heat exchange coefficient between the air and the considered surface (see 
Table 3), 𝐶_𝐻2𝑂𝑎𝑖𝑟  [kg{H2O} m-3] is the water concentration in 𝑎𝑖𝑟  (or in 𝑎𝑖𝑟𝐴𝑆 ), 𝐶_𝐻2𝑂𝑠𝑎𝑡 
[kg{H2O} m-3] is the water vapour concentration corresponding to the pressure of saturation 
calculated at the surface temperature as described in Appendix B. 
Because the condensation occurs only if the air humidity content is near the dew point, a 
conditional statement is used: if (𝐶_𝐻2𝑂𝑎𝑖𝑟 − 𝐶_𝐻2𝑂𝑠𝑎𝑡) < 0 , then 𝛷𝐻2𝑂_𝑐𝑜𝑛𝑑_𝑖 = 0  (no 
condensation). The conditional statement is done using a smoothed function as described in 
Appendix A. 
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The modelled condensation rates are those related to the inner cover side and on the screen 
(both sides). 

2.8 CANOPY TRANSPIRATION 
The evapo-transpiration process concerns the evaporation of water from the leaf to the 
greenhouse air. This process is important for the nutrient transport from roots to leaves and 
fruits but also to regulate the temperature of the crop. Water evaporates principally through 
the leaf stomata. The canopy transpiration is thus a function of the resistance of the stomata 
and the leaf boundary layer. Since we want to simulate the greenhouse climate under 
dynamic conditions, the changes in the stomata resistance must be modelled. The 
Stanghellini [ 31 ] model is used for the evaporation process. Although it can be used for 
widely changeable indoor conditions, in order to keep the whole model more manageable 
and reduce the computational effort and because the simulations are executed under the 
design conditions, some constant values are used. 
Stanghellini modified the Penman-Monteith-Rijtema method (the combination method) in 
order to estimate the actual instead of the potential transpiration rate in a greenhouse. The 
transpiration rate depends on light intensity, CO2 concentration, temperature and humidity. 
The canopy transpiration 𝛷𝐻2𝑂_𝑒𝑣𝑎𝑝_𝑐𝑎𝑛 or the mass flow rate of water vapour from crop to 
indoor air is: 

𝛷𝐻2𝑂_𝑒𝑣𝑎𝑝_𝑐𝑎𝑛 = 2 𝐿𝐴𝐼 𝐴𝑓𝑙𝑜𝑜𝑟  𝐾𝑐𝑎𝑛_𝐻2𝑂  (𝑉𝑃𝑠 − 𝑉𝑃𝑎𝑖𝑟)  
Equation 2.38 – [kg{H2O} s-1] 

where 2 𝐿𝐴𝐼 𝐴𝑓𝑙𝑜𝑜𝑟 [m2
{leaf}] is the canopy leaves surface, 𝐾𝑐𝑎𝑛_𝐻2𝑂 [kg{H2O} m-2

{leaf} Pa-1 s-1] is 
the mass transfer coefficient of water vapour from the crop to the indoor air, 𝑉𝑃𝑠 [Pa] is the 
saturation pressure of water vapour at the temperature of the crop (see Equation 2.9 and 
Appendix B) and 𝑉𝑃𝑎𝑖𝑟 [Pa] is the water vapour pressure at the temperature of the indoor air. 
If 𝑉𝑃𝑠 − 𝑉𝑃𝑎𝑖𝑟 < 0, then 𝛷𝐻2𝑂_𝑒𝑣𝑎𝑝_𝑐𝑎𝑛 = 0 (no evapotranspiration). The conditional statement 
has been implemented using a smoothing function as described in Appendix A. 
The vapour transfer coefficient of the canopy transpiration is calculated by: 

𝐾𝑐𝑎𝑛_𝐻2𝑂 = 𝜌𝑎𝑖𝑟 𝑐𝑝_𝑎𝑖𝑟

𝐿𝐻 𝛾 (𝑟𝑏+𝑟𝑠)  

Equation 2.39 – [kg{H2O} m-2{leaf} Pa-1 s-1] 

where 𝜌𝑎𝑖𝑟 [kg m-3] is the air density and 𝑐𝑝_𝑎𝑖𝑟 [J kg-1 K-1] is its specific thermal capacity, 𝐿𝐻 
[J kg-1] is the latent heat of evaporation for water, 𝛾 [Pa K-1] is the psychometric constant, 
(𝑟𝑏 + 𝑟𝑠) [s m-1] is the total resistance (series of boundary and stomatal resistance). 
According to R. von Ooteghem [ 20 ] the total resistance to diffusion of water has the 
boundary layer resistance in series with the cuticular resistance parallel to the stomatal 
resistance. From this, the total diffusion resistance from crop to indoor should be described 
as: 

𝑅𝑐𝑎𝑛_𝐻2𝑂(∗) =  �𝑟𝑏 + 𝑟𝑠∗𝑟𝑐𝑢𝑡
𝑟𝑠+𝑟𝑐𝑢𝑡

�  

[s m-1] 
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Because later coefficients are taken from the Stanghellini study which does not include the 
cuticular resistance, and also because the stomatal resistance has the bigger relevance in 
the parallel (𝑅𝑠 ≈ 275 𝑠𝑚−1, 𝑅𝑐𝑢𝑡 ≈ 2000 𝑠𝑚−1); in our crop model only the boundary and 
stomatal resistance have been considered. 
The boundary layer resistance to diffusion of water is described by: 

𝑟𝑏 = 𝐿𝑒2/3 ∗
1147 �𝑙𝑓

�𝑙𝑓 ∗ |𝑇𝑐𝑎𝑛 − 𝑇𝑎𝑖𝑟| + 207 𝑣𝑎𝑖𝑟
2�

1/4 

Equation 2.40 – [s m-1] 

where 𝐿𝑒 = 0.89 [-] is the Lewis number for water vapour in air, 𝑙𝑓 = 0.055 [m] is the mean 
leaf width, 𝑣𝑎𝑖𝑟  [m s-1] is the wind speed (in the greenhouse) and |𝑇𝑐𝑎𝑛 − 𝑇𝑎𝑖𝑟| [°C] is the 
temperature difference between the canopy and the greenhouse air. Stanghellini [ 31 ] and 
De Zwart [ 35 ] reported air velocities in greenhouses between 0.04 and 0.2 [m s-1], because 
the air velocity is not simulated a constant value equal to 0.08 [m s-1] is used which is 
comparable with the values used by Kemples et. al. [ 18 ] and R. von Oooteghem [ 20 ]. 
The stomatal resistance to diffusion of water is described by: 

𝑟𝑠 = 𝑟𝑠_𝑚𝑖𝑛 ∗ 𝑓(𝐼𝑠𝑢𝑛) ∗ 𝑓(𝑇𝑐𝑎𝑛) ∗ 𝑓(𝐶_𝐶𝑂2) ∗ 𝑓(𝐶_𝐻2𝑂) 
Equation 2.41 – [s m-1] 

where 𝑟𝑠_𝑚𝑖𝑛 = 82 [s m-1] is the minimum crop resistance and 𝑓(𝐼𝑠𝑢𝑛), 𝑓(𝑇𝑐𝑎𝑛), 𝑓(𝐶_𝐶𝑂2), 
𝑓(𝐶_𝐻2𝑂)  [-] are penalty factors to take into account, respectively, radiation, crop 
temperature, CO2 concentration and water vapour concentration. 
 
The radiation penalty factor is given by: 

𝑓(𝐼𝑠𝑢𝑛) = �𝑃𝐴𝑅𝐴_𝑐𝑎𝑛
2 𝐿𝐴𝐼

+ 4.3� / �𝑃𝐴𝑅𝐴_𝑐𝑎𝑛
2 𝐿𝐴𝐼

+ 0.54�  

Equation 2.42 – [-] 

 
The canopy temperature penalty factor is given by: 

 

 

1 + 0.5 ∗ 10−2 ∗ (𝑇𝑐𝑎𝑛 − 33.6)2  𝑖𝑓 IA_can < 𝐼𝑑/𝑛 [W m-2] 

𝑓(𝑇𝑐𝑎𝑛) =   

 1 + 2.2593 ∗ 10−2 ∗ (𝑇𝑐𝑎𝑛 − 24.512)2  𝑖𝑓 IA_can > 𝐼𝑑/𝑛 [W m-2] 

Equation 2.43 – [-] 

 
The CO2 concentration penalty factor is given by: 

 

 

1 + 1.1 ∗ 10−11 ∗ (𝐶_𝐶𝑂2𝑎𝑖𝑟 − 200)2  𝑖𝑓 IA_can < 𝐼𝑑/𝑛 [W m-2] 

𝑓(𝐶_𝐶𝑂2) = 1 + 6.08 ∗ 10−7 ∗ (𝐶_𝐶𝑂2𝑎𝑖𝑟 − 200)2  𝑖𝑓 IA_can > 𝐼𝑑/𝑛 [W m-2] 

 1.49  𝑖𝑓 𝐶_𝐶𝑂2𝑎𝑖𝑟 > 1100 [ppm] 

Equation 2.44 – [-] 
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The humidity penalty factor is given by: 
 

 

1 + 5.2 ∗ 10−6 ∗ (𝑉𝑃𝑠 − 𝑉𝑃𝑎𝑖𝑟)2  𝑖𝑓 IA_can < 𝐼𝑑/𝑛 [W m-2] 

𝑓(𝐶_𝐻2𝑂) = 1 + 4.3 ∗ 10−6 ∗ (𝑉𝑃𝑠 − 𝑉𝑃𝑎𝑖𝑟)2  𝑖𝑓 IA_can > 𝐼𝑑/𝑛 [W m-2] 

 max( 𝑓(𝐶𝐻2𝑂) ) = 3.9   

Equation 2.45 – [-] 

where PARA_can [W m-2] is the radiation above the crop, LAI [-] is the leaf area index, so the 

term 𝑃𝐴𝑅𝐴_𝑐𝑎𝑛
2 𝐿𝐴𝐼

 [W m-2
{leaf}] determines the leaf shortwave radiation absorption from the heat 

absorbed by the canopy, 𝑇𝑐𝑎𝑛  [°C] is the canopy temperature, 𝐶_𝐶𝑂2𝑎𝑖𝑟  [ppm] is the CO2 
concentration in air. 
All numbers from Equation 2.42 to Equation 2.45 are determined by Stanghellini for 
tomatoes. She determines different values for night period and day period, therefore the 
variable 𝐼𝑑/𝑛 [W m-2] is used to define the switch point between the sunset and the sunrise 
chosen equal to 3 [W m-2]. All the conditional functions has been smoothed as reported in 
Appendix A. 
The profiles of the penalty factors which defines the stomatal resistance 𝑟𝑠 to diffusion of 
water are given in Figure 5, for day period conditions. The radiation penalty factor 𝑓(𝐼𝑠𝑢𝑛) 
decreases from 8 to 1 for increasing values of radiation. It is almost unitary for irradiation 
above 100 W/m2. This means that only low values of solar radiation affect the stomata 
aperture (see also paragraph 4.4.1). The temperature penalty factor 𝑓(𝑇𝑐𝑎𝑛) is parabolic with 
a minimum at 24.5°C. The humidity penalty factor 𝑓(𝐶_𝐻2𝑂) increases proportionally until it 
reach its maximum value for water vapour pressure differences above about 8 mbar. This is 
due to stomata closure at low humidity values to prevent dehydration. The CO2 penalty factor 
𝑓(𝐶_𝐶𝑂2) increases up to 1.5 if the CO2 concentration increases. 
Because the simulated greenhouse is equipped with an external CO2 source, in order to 
reduce the computational effort of the entire model the CO2 concentration in the greenhouse 
is not modelled. Therefore, in the crop evapotranspiration model, a constant value of 800 
[ppm] is used for 𝐶_𝐶𝑂2𝑎𝑖𝑟. Although such simplification is against the philosophy to develop 
a dynamic greenhouse model, according to Heuvelink [ 13 ] the CO2 concentration has a 
small effect on crop transpiration. The same conclusion can be made also observing 
changes in the CO2 concentration penalty factor 𝑓(𝐶_𝐶𝑂2)  for different values of CO2 
concentration. 



25 
 

 
Figure 5 – Stomatal resistance penalty factors 𝑓(𝐼𝑠𝑢𝑛), 𝑓(𝑇𝑐𝑎𝑛), 𝑓(𝐶_𝐶𝑂2), 𝑓(𝐶_𝐻2𝑂). 
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3 GREENHOUSE EQUIPMENT CONTROL SYSTEMS 

3.1 HEATING SYSTEMS 
The modelled heating system consist of two independent heating pipes: one placed under 
the canopy and one in the canopy. 

3.1.1 Growing pipes 
The growing pipes are placed in between the crop rows. Due to the proximity of these pipes 
to the crop foliage, they cannot have high temperatures and to avoid stress to the crop, their 
management must be done very carefully. Considering all these issues the growing pipes 
must operate in a temperature range from 25°C to 30°C. 
Because of such restricted temperature range, in this model the control system is chosen to 
ensure a constant pipes temperature of 27.5°C. 

 

 

100  𝑖𝑓 𝑇𝑝𝑖𝑝𝑒𝐿𝐻𝑆 < 27.5 [°C] 

Qsupply_growpipe = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗   

 0  𝑖𝑓 𝑇𝑝𝑖𝑝𝑒𝐿𝐻𝑆 > 27.5 [°C] 

Equation 3.1 – [W] 

This control is done using an “if/else” statement according with the smoothing rule reported in 
Appendix A. 

3.1.2 Lower heating system 
The heating system located under the canopy is sized in order to give the higher contribution 
on the greenhouse climate. The pipes are placed below the benches on the sides of the 
walking paths. 
Due to the importance of this heating system, it has been modelled with a proportional 
controller described by: 

𝑄𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑖𝑝𝑒𝐿𝐻𝑆 = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ �𝐾𝑝_𝑝𝑖𝑝𝑒𝐿𝐻𝑆 ∗ �𝑇𝑟𝑒𝑓 − 𝑇𝑎𝑖𝑟�� 0250  
Equation 3.2 – [W] 

where Qsupply_pipeUHS is the thermal power entering in the pipes, 𝐾𝑝_𝐿𝐻𝑆 = 125 [W K-1 m-2] is 
the proportionality constant, 𝐴𝑓𝑙𝑜𝑜𝑟  [m2] is the greenhouse floor area, 𝑇𝑎𝑖𝑟  [°C] is the 
controlled parameter and 𝑇𝑟𝑒𝑓 [°C] is the desired value of the controlled variable. 
The term in brackets ‖  ‖ 0250 is limited to an upper value equal to 250 [W m-2] and a lower one 
equal to zero. This limitation is done using the “Saturation” Simulink® block and indicates the 
maximum and minimum power that the generator can provide per square meter. Usually a 
control system operates on the water rate flowing into the pipes, or on the opening ratio of a 
mixing valve. In order to maintain this model more general, here the controller manage the 
requested power without specifying how it is furnished. 
The desired temperature 𝑇𝑟𝑒𝑓 is 20°C during the day period and 18°C during the night period. 
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3.2 COOLING SYSTEMS 
According to Heuvelink [ 13 ], there are three common methods for greenhouse cooling: (1) 
natural ventilation, (2) pad and fan system and (3) fog cooling. The effectiveness of each 
solution depends on the outdoor weather. For instance, fan and pad evaporative cooling and 
fogging effectiveness depends on the humidity and the natural ventilation is strongly 
influenced by the wind speed. The design of a greenhouse must be based on the climate of 
the location. Different solutions can suit successfully in a specific case while it can be 
unprofitable to adopt the same greenhouse design in another climatic zone. 
For example in arid zones like south-eastern USA greenhouse are commonly equipped with 
active mechanical cooling systems and the heating system is missing, conversely in The 
Netherlands, natural ventilation accompanied by a pad and fan or a fogging system is 
normally adopted. 
The studied greenhouse is equipped with roof opening, fans which blow in outdoor air mixed 
with CO2 coming from an external source and a fog system. 

3.2.1 Natural ventilation 
The roof vents opening rate is controlled continuously to let fresh air flow into the greenhouse 
and exhaust air flow out. The adopted control strategy is a proportional controller which is 
described by: 

𝑈𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡  = �𝐾𝑝_𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡 ∗ �𝑇𝑟𝑒𝑓 − 𝑇𝑎𝑖𝑟�� 01  
Equation 3.3 – [-] 

where UroofVent  [-] is the output signal of the controller, Kp_roofVent = 0.5  [K-1] is the 
proportionality constant, 𝑇𝑟𝑒𝑓 [°C] is the desired value of the controlled variable and 𝑇𝑎𝑖𝑟 [°C] 
is the controlled parameter. 
The term in brackets ‖  ‖ 01 is limited to an upper value equal to 1 [-] and a lower one equal to 
zero. This limitation is done using the “Saturation” Simulink block and indicates the maximum 
and minimum aperture rate of the vents opening respectively. 
The desired temperature 𝑇𝑟𝑒𝑓 is 20°C during the day period and 18°C during the night period. 

3.2.2 Mechanical ventilation 
The mechanical ventilation system supplies fresh air mixed with carbon dioxide coming from 
an external source. Due to the related electricity costs, the natural ventilation is used to lower 
the indoor temperature and the mechanical is setup to ensure a minimum air flux which lets 
an efficient distribution of CO2 and to increase the inflow of fresh air if the humidity is too 
high. Therefore the control system chosen is described by: 

𝛷𝑣𝑒𝑛𝑡 = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ 1 ∗ 10−3 + 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ �𝐾𝑝_𝑣𝑒𝑛𝑡 ∗ �𝐶_𝐻2𝑂𝑎𝑖𝑟 − 𝐶_𝐻2𝑂𝑟𝑒𝑓�� 01 𝑒−3  
Equation 3.4 – [m3 s-1] 

where Φvent is the air inflow, A�loor [m2] is the greenhouse floor area and 1 ∗ 10−3 [m3
{air} s-1 

m-2
{floor}] is the minimum air rate, Kp_vent = 0.5 [m4 s-1 kg-1] is the proportionality constant, 

C_H2O𝑎𝑖𝑟 [kg m-3] is the water vapour concentration in the air and C_H2O𝑟𝑒𝑓 [kg m-3] is the 
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desired humidity which is calculated as explained in Appendix B with a relative humidity of 
80%. 
The term in brackets ‖  ‖ 01 e−3 is limited between zero and 1*10-3 [m3 s-1 m-2]. This limitation is 
done using the “Saturation” Simulink® block and indicates the maximum and minimum air 
flow rate allowed for the purpose to reduce the air humidity. 

3.2.3 Fog system 
Iceland's weather is cool and the climate is temperate. The warm North Atlantic Current 
ensures generally higher temperatures than in most places of similar latitude around the 
world. Winters are mild and windy while the summers are damp and cool. Therefore the 
fogging system is used mainly to ensure a relative humidity level around 80% and not for 
lowering the temperature. 
The fogging control system is described by: 

𝛷𝐻2𝑂_𝑓𝑜𝑔 = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ �𝐾𝑝_𝑓𝑜𝑔 ∗ �𝐶_𝐻2𝑂𝑟𝑒𝑓 − 𝐶_𝐻2𝑂𝑎𝑖𝑟�� 020 𝑒−6  
Equation 3.5 – [kg s-1] 

where 𝛷𝐻2𝑂_𝑓𝑜𝑔 is the water flow rate supplied as fog in the greenhouse, 𝐴𝑓𝑙𝑜𝑜𝑟 [m2] is the 
surface of the greenhouse floor, 𝐾𝑝_fog = 1 [m s-1] is the proportionality constant, C_H2O𝑎𝑖𝑟 [kg 
m-3] is the water vapour concentration in the air and C_H2O𝑟𝑒𝑓 [kg m-3] is the desired humidity 
which is calculated as explained in Appendix B with a relative humidity of 75%. 
The term in brackets ‖  ‖ 020 e−6 is limited between zero and 20*10-6 [kg s-1 m-2]. This limitation 
is done using the “Saturation” Simulink® block and indicates the minimum and maximum 
water flow rate. 

3.3 LIGHTING MANAGEMENT 
Iceland's weather has a seasonal change in the length of day and night. In midwinter, there is 
a period of very little sunlight, and darkness prevails. In midsummer, daylight prevails and 
night darkness is almost absent during June and July. 
The relative length of day and night and the seasons is important to plants. The number of 
hours of darkness in a 24-hour cycle is an important factor in determining blossoming and 
growing time. 
Night length triggers seed germination, tuber and bulb formation, and other growth 
characteristics such as colour, enlargement of leaves and stem size and shape. This 
rhythmic characteristic is called photoperiodism and is of great value to growers [ 9 ]. 
Plants can be classified according to photoperiodicity. 

• Short-day (long-night) 
• Long-day (short-night) 
• Indeterminate or day-neutral 

Although the tomato plant can flower and fruit at any daylength (day-neutral plant), fruit set 
has been shown to be retarded under continuous light. Thus, tomato fruit set may be 
reduced under the continuous illumination characteristic of Icelandic midsummer. 
Due to the unique Icelandic day length, to ensure a year-long production, blackout screens 
are needed during summer and replacement lighting during winter. Many studies reports as 
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optimal tomatoes photoperiod a day-length of 16hr coupled with a night period of 8hr in a 24-
hour cycle, thus these values are used as reference for the greenhouse design. 

3.3.1 Blackout screen 
Blackout screens are installed to avoid light pollution and to handle the tomatoes 
photoperiod. Managing curtains is a challenge and it cannot be done just considering the 
necessity to let the sunlight come in. 
When the screen temperature falls below the dew point, the humidity in the air condensate 
on it. This happens more likely during night period, when the air temperature above the 
screen can be quite lower than the air on the other side. In order to prevent a shower of 
condensation onto the plant canopy, screen movement should be done slowly. An aperture 
of about 15 to 30 cm every thirty seconds is usually recommended [ 10 ]. This will avoid a 
“cold shock” which may occur after cold nights, when the cold air trapped in the attic space 
falls onto the plant canopy without any control [ 26 ]. 
In this model, the screen aperture and closure is done in four steps using a time-delay of 15 
minutes between each step. 
The blackout screen can be opened only during the tomato day period that occurs when the 
lamps are on. The utilization of screens makes it possible to lower the global energy 
consumption and increase the plant quality avoiding thermal radiation to the cold night sky; 
therefore the screens should be opened only when the outdoor solar radiation is high enough 
to stimulate plant growth and must be kept closed during the rest of the day. 
The modelled control system is obtained coupling two predefined signals. One defines when 
the sun is up and assumes that the outdoor solar radiation is high enough from 9:00 am to 
6:30 pm during summer. The second signal is identical to the signal used for managing the 
lamps with 15 minutes of delay between each step. 
When the screen is fully closed there are still some cracks in it and when it is completely 
open the presence of the roll obstructs some solar radiation from reaching the canopy, thus 
the variable of control 𝑈𝑆𝑐𝑟 is limited between 0.10 and 0.98. The higher number indicates 
that the screen is fully closed, conversely the lower number indicates the maximum opening 
of the screen. 

3.3.2 Lamps 
During winter time outdoor solar radiation is so low that it cannot give enough energy for the 
plant growth. Artificial lighting is adopted as a replacement of the sunlight. Plants respond to 
light of varying wavelength. In general, red light causes plants to become tall and “leggy” 
while blue light, when used alone, can cause low, stocky growth. A proper balance of red and 
blue energy produces plants that have normal growth and shape [ 9 ]. 
High Pressure Sodium lamps are often used in horticulture applications. HPS lamps 
spectrum has the greater peaks of released power at wavelength corresponding of blue and 
yellow-red colour. HPS lamps for horticulture purposes utilize different techniques to 
maximize the conversion from electricity to Photosynthetically Active Radiation taking into 
account the plants sensitivity to different wavelengths. 
High Pressure Sodium lamps have been chosen for the greenhouse modelled. PAR required 
for plant growth is supplied only by the artificial lighting system during winter, which involves 
installation of a high capacity lighting system. 
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Although more efficient than incandescent lamps, losses of HPS lamps are large, about one 
quarter of the total electrical power. Because of the high installed power, the heat gain made 
by the lamps is high enough that can cover the greenhouse heat losses without any aid of 
the heating system. Conversely, it means that when lamps are switched off a fast drop in the 
air temperature can occur. 
In order to change gradually from the crop day-period to the night-period, the lamps are 
turned on and off in four steps. The delay between each section is chosen equal to 15 
minutes. This makes it possible to lower the crop temperature from the day value to the dark 
one in about 45 minutes. 
Dividing the lamps of each zone into four subsections can involve different electrical power 
demand. In order have a constant power consumption during the scheduled lighting 
operations, every subsection stays on for 16 hours. Although this assumption ensures a 
constant electrical power demand, such management involves that the “real” night period is 
lower than the optimal. 
 
 

 
For instance, executing the switching on operation with a time delay of one hour each step, 
decreases the length of the day period (at the maximum luminance level) and also the length 
of the night period of three hours. Thus we consider a delay of 15 minutes between each 
subsection as a maximum allowable value, 
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4 RESULTS AND DISCUSSION 
 
All parameters in the developed model refer to a designed greenhouse which is not built yet, 
thus empirical data to validate the model are unavailable. Several simulations with different 
boundary conditions have been done and a physical interpretation of the results is given. 
The main objectives of these simulations are to: 

• evaluate the validity of the model 
• evaluate which are the parameters that have the greatest impact on the greenhouse 

climate 
• evaluate the influence of different settings on the simulated control system 
• evaluate the influence of different design solutions 
• propose a feasible control strategy to create an adequate crop growth environment 

In literature greenhouses where similar climate control equipment is installed are commonly 
referred as high tech greenhouse because of the great number of parameters that can be 
managed by the control system. Usually such facilities are controlled via sophisticated 
software installed on a dedicated computer. 
Although the developed model tries to include all relevant phenomena which define the 
indoor climate, it still remains a simplification of the realty and thus only a simple control 
system can be developed. The overall control system has been developed with particular 
attention on the following four factors. 

 
Figure 6 – Control system features 

The control system’s simplicity is its strength, because it permits to evaluate widely different 
control strategies, but also its weakness, because it does not consider all the parameters that 
the real control system can manage. Finally, the system must respond effectively and readily 
in order to meet the canopy needs keeping in mind that different methods of control involve 
widely different energy consumption. 

energy 
saving 

crop needing 

simplicity 

effectiveness 

CONTROL 
SYSTEM 
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4.1 LAMPS MANAGEMENT 
The basic idea for the lamp management is to schedule it in order to create a crop day-
period 16 hours long and a dark period of 8 hours. The subdivision of the entire greenhouse 
surface in three areas, allows the electric power consumption to be constant over a day. This 
is achieved simply imposing a phase shift of eight hours in the programmed management of 
the lamps between each zone. The graph in the middle of Figure 7 shows when the lamps 
are on or off in the three zones for consecutive days. 
Blackout screens are installed to prevent light pollution and to guarantee the crop dark-period 
also during the day when the solar radiation is high. Therefore, the blackout screens are 
opened when the lamps are on (if the solar radiation is high) and closed during the dark-
period. In order to ensure a uniform exploitation of the sunlight on the three zones, for two 
zones the change from crop day-period to night-period occurs at noon. 
The management of the lamps described allows a good utilization of solar energy, however 
comparing the darkness periods with the curve representing the outdoor radiation it can be 
seen that one zone receives more light than the others (Zone 1 in Figure 7). 
The high impact of the absorbed solar energy on plant growth is well known, it affects plant 
growth, development, yield, and quality. An important index used by farmers to evaluate if 
the plants receive enough PAR is the so-called Daily Light Integral. DLI is the amount of PAR 
received each day as a function of light intensity [μmol·m-2 s-1] and duration [day]. The DLI 
concept is like a rain gauge. Just as a rain gauge collects the total rain in a particular location 
over a period of time, so DLI measures the total amount of PAR received in a day [ 32 ]. 
Greenhouse growers can use light meters to measure the DLI index and thereby control the 
needing of artificial lighting.  
A one hundred days simulation (from day 150 to 250) has been executed with the purpose to 
evaluate the surplus of energy received by the crop. Its results show that zone 1 receives 
roughly 20% more energy than the other two zones. The energy absorbed by the crop, due 
the Photosynthetically Active Radiation, is calculated by integration along the simulation time 
of the absorbed PAR; thus an average DLI index can also be calculated. 
An alternative lamps management which satisfies the following constraints: 

a) the absorbed solar energy should be levelled between the three zones 
b) the electrical power demand should be constant during the day 

has been investigated and modelled. 
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Figure 7 – Lamps management with 8.0 hr and 7.5 hr base step duration 
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In order to satisfy the first requirement a reduction of the crop dark-period has been 
suggested. In this way the canopy day-length is shorter than 24 hours, therefore a variable 
phase shift between the start of the crop day-period and at the beginning of the solar-day is 
created. It levels out the absorbed sunlight in all the zones but, the simple reduction of the 
crop dark-period, does not satisfy the second requirement. 
To fulfil last requirement it is necessary that the lamps are still managed in three steps (2 
steps on, 1 step off) but with a different duration. To ensure a constant power demand it is 
sufficient to set the duration of each step as one third of the total canopy day-length. In 
Figure 7 is reported the lamp management with a step duration decreased by 15 minutes 
from the original period. From the same figure it can be verified that this management fulfils 
the second requirement. 
The same one hundred days simulation has been executed with this new lamp management. 
Next table shows the absorbed PAR at the end of the simulation for each case, while Figure 
8 gives a graphical overview of same results. 
 

Lamp basic step 
duration 

Zone 
Absorbed PAR Integral 

[J m-2] 
Comparison with the 

maximum value 

8.00 hr 
Zone 1 10.495 E+8 100.0 % 
Zone 2 8.096 E+8 77.14 % 
Zone 3 8.401 E+8 80.05 % 

7.75 hr 
Zone 1 9.022 E+8 100.0 % 
Zone 2 8.998 E+8 99.74 % 
Zone 3 8.972 E+8 99.45 % 

7.50 hr 
Zone 1 9.002 E+8 99.99 % 
Zone 2 9.002 E+8 100.0 % 
Zone 3 8.994 E+8 99.91 % 

Table 4 – Absorbed PAR integral with three different lamp basic step duration 

Results show that a reduction of just 15 minutes for each step avoids one zone receiving 
more sunlight than others. From Figure 8 we can notice that a lamp base step of 7.50 hr 
ensures that every zone receives the same amount of solar energy. The difference between 
the results of last two simulations (zone 2 receives more solar energy than zone 1) is 
because the simulations are performed with real weather data and therefore are sensible to 
cloudy or bright days. Certainly the last simulated case provides better results, however the 
improvement obtained with a reduction of the lamp basic step of 30 minutes is not so 
relevant. Furthermore, it must be taken into account that a reduction of 30 minutes on the 
lamp basic step duration involves a canopy day-length of 22.5 hours (15 hr light period + 7.5 
hr of darkness) which is quite shorter than the optimal (16 hr light period + 8 hr of darkness). 
A reduction of only 15 minutes is therefore suggested. 
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Figure 8 – Absorbed PAR integral with three different lamp basic step duration (from the top: 8 

hr, 7.75 hr, 7.50 hr) 
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4.2 DEVELOPMENT OF THE CONTROL SYSTEM STEP-BY-STEP 
The development of the control system has been done by steps assuming a basic lighting 
step duration of 7.75 hr. Choosing this method for controlling the lamps implies that the 
control system of each zone, although it runs independently, is configured in the same way 
and any assumptions like “the lamps turn off when the solar radiation is low” cannot be done. 
Simulation results show that the greenhouse temperature is highly sensitive to the 
combination of three factors: solar radiation intensity, blackout screen position and opening 
rate of the roof vents. Therefore the control system must be flexible enough and effective to 
permit an adequate response irrespective of the moment in which the blackout screen is 
closed (e.g. when the peak of solar radiation occurs or during low radiation levels). 
Figure 9 resumes, step by step, the obtained results and the reasons for which the control 
system has been modified before to proceed to next step. In following paragraphs a more 
extensive discussion accompanied with simulation results is given for each step. 
 
.  
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How does the air temperature evolve after switching off all the lamps? 
Will the air temperature decrease so fast that it is required to turn on the 
heating system in advance? 
A simulation with the control system set as reported in chapter 3 but 
using a constant value of 20°C for 𝑇𝑟𝑒𝑓 in the roof vents control system 
has been executed. The results show that the air temperature does not 
reach 18°C during the crop night-period if it occurs when the outdoor 
solar radiation is greater than 200 W/m2. 
It is suggested to open the roof vents. 

 

The reference temperature for the roof vents control system is set equal 
to 20°C during the crop day-period and 18°C during the dark period. 
The results show that the air temperature drops too much before to see 
an effective response of the lower heating system. 
It is suggested to turn on the heating system in advance, before the 
beginning of the dark period. 

 

The preheating adopted allows a faster response, but the air 
temperature as well as the canopy temperature decreases so fast that a 
“thermal shock” is suspected. 
This sudden reduction in temperature is caused by an excessive 
opening of the roof vents, thus it is suggested to limit the maximum 
allowed opening rate of the roof vents during the lamps power off phase. 

 

The temperature profiles are within an acceptable range. Only on 
specific cases the canopy temperature assumes low values. 
An adjustment on the control system, e.g. turning on in advance the 
heating system, is suggested. 

 

The temperature profiles are within an acceptable range. 
Any further adjustments on the control system should be done 
empirically. 

Figure 9 – Steps followed to develop the control system 
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Figure 10 provides a graphical interpretation of the values assumed by the variable 𝑇𝑟𝑒𝑓 for 
the lower heating system and for the roof vents in relation with the lamps scheduling. Above 
there is the control system corresponding to Step 2, below the last step. From the second 
figure one can easily see also the intermediate steps. Step 3 settings are the same of 
previous but delayed by the time needed to turn off (or turn on) all the lamps. On Step 4 a 
limitation on the roof vents aperture has been implemented and it is graphically presented by 
the darker cells, while on Step 5 the heating system is turned on in advance adopting a 
higher value of 𝑇𝑟𝑒𝑓 as evidenced by the orange cells. 
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Figure 10 – Overview of the reference temperatures adopted in the control system. Step 2 above, 

final solution below. 
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4.2.1 First step 
How does the air temperature evolve after switching off all the lamps? 
Will the air temperature decrease so fast that it is required to turn on the heating system in 
advance? 
A simulation with the control system set as explained in chapter 3 has been executed. The 
air temperature assumes acceptable values only if the crop night-period occurs when there is 
low solar radiation intensity. Maintaining the roof vents closed during the crop night-period 
when the solar radiation is high involves air temperatures much higher than the desired value 
as can be seen in next figure. 

 
Figure 11 – Zone 2 results. Control system configured according to “Step 1” 
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4.2.2 Second step 
In order to obtain an air temperature of 18°C even if the crop night-period occurs during a 
high solar intensity period, 𝑇𝑟𝑒𝑓 on the roof vents control system is set equal to 20°C during 
the crop day-period and 18°C during the dark period (see also Figure 10). 
The results show that the air temperature drops too much before seeing an effective 
response of the lower heating system (Figure 12), therefore it is suggested to turn on the 
heating system in advance, before the beginning of the dark period. 

 
Figure 12 – Zone 3 results. Control system configured according to “Step 2” 
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4.2.3 Third step 
The first version of preheating consisted to set, for a period of 30 minutes before starting to 
turn off the lamps, a reference temperature 𝑇𝑟𝑒𝑓 of 25°C for the lower heating system. This 
solution permits smoothing of the temperature drop that occurs due to the aperture of the 
roof vents, but it is highly energy consuming. Without any adjustment the modelled solution 
requires that the heating system turn on in advance, then it is switched off for a brief period 
(during the lamps switching off process) and suddenly on again because of the low air 
temperature due to the roof vents aperture. The lamps heat losses are untapped because 
the heating pipes remains on until all the lamps are switched on. 
Another way to carry out the preheating is by delaying the switching point, between 20°C and 
18°C, of the reference temperature 𝑇𝑟𝑒𝑓 as shown in Figure 10. This method achieves the 
target of turning on in advance the heating system, and also it avoids that the heat from the 
lamps being unexploited. In other terms, the control system is unmodified but the reference 
temperature of 18°C occurs when all the lamps are off and the temperature of 20°C is 
required when all the lamps are on. 
Figure 13 shows the results obtained with the later settings. The air temperature is lowered 
to 18°C as required but this reduction occurs so fast that a “thermal shock” is suspected. 
From the same figure in fact we can notice that the foliage temperature goes from 23°C to 
21°C in just few seconds. This sudden reduction in temperature is caused by an excessive 
opening of the roof vents, thus it is suggested to limit the maximum allowed opening rate of 
the roof vents in the phase during power off of the lamps. 
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Figure 13 – Zone 2 results. Control system configured according to “Step 3” 
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4.2.4 Fourth step 
To limit the vents opening rate, the control system can be edited according to these two 
methods: 

• to set a priori the maximum degree of openness, e.g. equals to 30% 
• to change the reference temperature 𝑇𝑟𝑒𝑓 for a predefined time-length 

The first method is coarse and it does not permit a good control. The maximum allowed 
aperture rate should be chosen according to a long period of tests, and still it never assumes 
the optimal value because the inflow rate of fresh air depends on the wind speed and on the 
temperature difference between indoor and outdoor. 
The second way is simple and effective; it consists of setting a reference temperature 𝑇𝑟𝑒𝑓 
greater than 18°C during the lamps off phase or, if needed, for a longer period. 
Following figures show the results obtained with this method. The temperature decreases 
gradually from 20°C to 18°C without causing any thermal shock in the plant canopy and it 
does not reach the low values seen in previous cases. 
Better results can be found by adjusting the parameter 𝑇𝑟𝑒𝑓 in the control system of the vents 
and of the heating system. Simulation results obtained with 𝑇𝑟𝑒𝑓 = 19°C for the lower heating 
system and 𝑇𝑟𝑒𝑓 = 18.5°C for the roof vents are shown from Figure 14 to Figure 19. The time-
length where the vents aperture ratio is limited last one hour from the beginning of the lamps 
switching off, thus the vents opening is limited during all the transitional phase from day to 
night-period plus 15 minutes. During the period of limitation the different value of 𝑇𝑟𝑒𝑓  is 
obtained increasing its default values of the fixed quantity 1.5°C, thus during the limitation 
period the control system of the roof vents is regulated using 𝑇𝑟𝑒𝑓 = 18.5 + 1.5 = 20°C. 
Analyzing results of Zone 2 (a zoomed version is shown in Figure 18), we can suggest to 
adopt a more intensive preheating for the lower heating system. In such a way the 
temperature drop which occurs just after having turned off the lamps can be smoothed. 
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Figure 14 – Zone 1, 200 hr results. Control system configured according to “Step 4” 
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Figure 15 – Zone 2, 200 hr results. Control system configured according to “Step 4” 
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Figure 16 – Zone 3, 200 hr results. Control system configured according to “Step 4” 
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Figure 17 – Zone 1 results. Control system configured according to “Step 4” 
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Figure 18 – Zone 2 results. Control system configured according to “Step 4” 
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Figure 19 – Zone 3 results. Control system configured according to “Step 4” 
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4.2.5 Fifth step 
Similar to the method adopted for limiting the aperture of the roof vents, to turn on in advance 
the lower heating system 𝑇𝑟𝑒𝑓 is increased by a predefined fixed value chosen equal to 1°C 
during the preheating period. Therefore the heating system is required to keep a temperature 
of 20°C during the crop day-period, 19°C during the dark-period and 21°C from 30 minutes 
before of the lamps switching off operation until all the lamps are off. 
Adopting these settings, the temperature profiles follow the desired pattern, thus this version 
of the control system is considered adequate to the purposes. 
From Figure 20 to Figure 22 we can see how the temperature evolves during summer 
conditions in each greenhouse zone, while from Figure 23 to Figure 25 a zoomed view is 
given. 
Comparing the results to the previous simulation (see Figure 18 and Figure 24) we can 
notice the effectiveness of the preheating. In the latest simulation, the crop temperature does 
not drop to 17°C as occurs if the heating system is not turned on in advance. Although more 
intensive preheating can be done so the crop temperature is never below 18°C, in order have 
low energy consumption, it is not suggested. Increasing the energy supplied by the heating 
system is required in Zone 2 but, as can be seen on Figure 19, Zone 3 does not need any 
preheating. 
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Figure 20 – Zone 1, 200 hr results. Control system configured according to “Step 5” 
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Figure 21 – Zone 2, 200 hr results. Control system configured according to “Step 5” 
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Figure 22 – Zone 3, 200 hr results. Control system configured according to “Step 5” 
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Figure 23 – Zone 1 results. Control system configured according to “Step 5” 
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Figure 24 – Zone 2 results. Control system configured according to “Step 5” 



58 
 

 
Figure 25 – Zone 3 results. Control system configured according to “Step 5” 
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4.3 WINTER CONDITIONS 
During winter the solar radiation has very low intensity therefore the blackout screens are 
always closed. On one hand, it saves energy and on the other hand it involves a simpler 
management of the control system because of the constancy of one of the factors which 
heavily affects the greenhouse climate. 
A simulation with the control system set up as resulted from previous steps has been 
performed; its results are showed from Figure 26 to Figure 28. 
The temperature profiles are within an acceptable range around the desired value. Just after 
switching off the lamps, the temperature decreases to 17°C even if the heating system is 
turned on in advance. If needed, in order to smooth the temperature drop which occurs at the 
beginning of every dark period, it is possible to increase the pipes temperature to greater 
values e.g. setting 𝑇𝑟𝑒𝑓 = 22°C or more during the preheating period. The air temperature is 
always lower than 18°C therefore if required the proportional constant Kp_pipeLHS should be 
increased so the supplied thermal power rises. Setting up the right proportional constants is 
a hard task which must be done in loco thus any simulation with different values have not 
been performed. 
Results show also that the pipes temperature is 90°C, which is the highest allowed value in 
the model. The simulated pipes temperature represent an average surface temperature, thus 
if during the simulation in order to satisfy the heat demand it is required a temperature of 
90°C in the lower heating system, it involves a high water flowrate with a inlet temperature 
greater than 90°C. Considering that the simulation is executed with weather data based on 
measured values it is suggested to increase the surface of the lower heating system. In such 
a way a lower flowrate or/and a lower inlet water temperature it is needed, and a safety 
margin is available and exploitable during occasional cold weather. 
Alternatively it is possible to reduce the amount of fresh air supplied by the mechanical 
ventilation system or preheat it. The studied greenhouse is equipped with an external source 
of carbon dioxide, thus a lower ventilation rate can be used because the required CO2 can be 
supplied artificially and not using fresh outdoor air. 
On Appendix C a simplified estimation of the pipe length required to fulfil the greenhouse 
heat losses has been done. Those results shows that the actual design of the heating system 
permits to ensure the desired indoor conditions just reducing the airflow rate supplied by the 
mechanical ventilation. Simulation results obtained using a lowered airflow rate are also 
given. 
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Figure 26 – Zone 1 results, winter conditions. Control system configured according to “Step 5” 
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Figure 27 – Zone 2 results, winter conditions. Control system configured according to “Step 5” 
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Figure 28 – Zone 3 results, winter conditions. Control system configured according to “Step 5” 
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4.4 UNDERSTANDING THE RESULTS 
Referring to Figure 21, it can be noted that the closure of the screen takes place before 
turning off the lamps. The screen closes at 6:30 pm as discussed in paragraph 3.3.1 while 
the lamps are turned on according to the scheduling resulting from the management adopted 
as discussed in paragraph 4.1. 
Due to the closure of the screen, the heat losses and the total volume to heat up decreases 
with a sudden rising in the air temperature which is limited by opening the roof vents. 
When the lamps are turned off the internal thermal gains are lowered and the air temperature 
decreases. As has been noted during the first step for defining the control system, solely 
switching off of the lamps does not always allow an effective temperature decrease, but 
depending on the intensity of solar radiation it is necessary to open the vents. Turning off the 
lamps by steps accompanied with the effect of the roof vents is reflected both in air 
temperature and in canopy temperature that decline with a profile strongly dictated by the 
vents opening rate. 
After the crop night period, the lamps are turned on again and the lower heating system 
temperature decreases. The presence of the blackout screen affects the effectiveness of the 
natural ventilation via the roof vents. During the first hours, when the lamps are on and the 
blackout screen is still closed, the aperture ratio of the windows is around 35% while after the 
opening of the screen an aperture ratio of about 10% is enough to maintain the air 
temperature at the desired value. 
Manufacturers always emphasize the importance of a good control for the blackout screens 
in order to prevent a “cold shock” to the canopy which happens when the cold air enclosed 
above the screen falls down quickly, without any control. The simulation results agree with 
this especially during the first stage of opening when the screen is moved from the fully 
closed position to a higher aperture grade. The temperature fall visible in the results just after 
the screen opening reflects a “canopy thermal shock” compatible with the fast 
(instantaneous) screen aperture modelled. In practise the screen is opened and closed 
gradually, thus such thermal shock is limited. 

4.4.1 Influence of the irradiation 
The dizzying change in canopy temperature which systematically occurs during the crop 
night-time placed doubts on the validity of the model and so a thorough investigation has 
been made to identify the cause. 
According to Stanghellini [ 31 ], both temperature and transpiration of a canopy necessarily 
increase if the canopy is exposed to more irradiation. A lower relative humidity always results 
in a larger transpiration rate if the other conditions remain the same. 
Simulation results show that during night the air moisture content decreases and thus, in 
order to maintain the relative humidity above the minimum level required chosen equal to 
75%, the fog system responds. 
The injection of mist into the air should show a decrease of the air temperature, but results 
do not show that. The canopy temperature drop is more intensive than the drop of the air 
temperature (see Figure 23 and Figure 28). 
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Figure 29 – Influence of canopy transpiration on its temperature (Zone 3, ξ=1) 

Figure 29 shows the thermal power required to evaporate the water supplied by the fogging 
system as well as the heat taken from the canopy due to the evapotranspiration process. A 
heat demand of 40 𝑊

𝑚2�  involves a negligible air temperature lowering, in fact: 

𝛥𝑇 = 𝑄
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Thus, the changing on the canopy temperature is not caused by the fogging system and 
must be identified by analyzing all the terms of the differential equation from which the 
canopy temperature is computed. For ease of reading the equation is written as follows: 

𝜕𝑇𝑐𝑎𝑛
𝜕𝑡

∗ 𝑐𝑎𝑝𝑐𝑎𝑛 = 𝑄𝑎𝑖𝑟→𝑐𝑎𝑛 + 𝑅𝐹𝐼𝑅_𝑖𝑛_𝑐𝑎𝑛 + 𝑅𝑠𝑢𝑛𝐶𝐴𝑁→𝑐𝑎𝑛 − 𝑅𝐹𝐼𝑅_𝑜𝑢𝑡_𝑐𝑎𝑛 − 𝐿𝐻 ∗ 𝛷𝐻2𝑂_𝑒𝑣𝑎𝑝_𝑐𝑎𝑛  

Equation 2.9 - [W] 

The temperature difference between the air and the canopy is so low that Qair→can should not 
play a major role in the energy balance. 𝑅𝑠𝑢𝑛𝐶𝐴𝑁→𝑐𝑎𝑛 is almost null because it is night. As 
stated by Stanghellini, the canopy is not warmed much by the radiation it receives from the 
pipes and it is unlikely to produce a lot of vapour as a consequence of this. In fact (even if 
one accepts the rule of thumb stating that a conventional heating system delivers half of its 
energy by radiation and half by convection), it has to be realized that whereas the 
resistances of the canopy to exchange heat by radiation and convection are about equal, 
there is more than a factor three between the exchange area of the two fluxes. 
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The preceding considerations indicate that it is the canopy evapotranspiration which causes 
this pattern in the canopy temperature profile. The transpiration rate depends on the stomata 
aperture which is modelled with the aid of four penalty factors as defined in paragraph 2.8. 
Figure 30 shows that the chosen value ξ = 50 in the smoothing function used to model 
“if/else” statements involves a sharp variation on the product between the penalty factors for 
radiation and temperature. A reduction to ξ = 1  only for the “if/else” statements used to 
switch from the equations adopted to model the transpiration during the day and those used 
for the night is preferable. However as can be seen on Figure 30, the step caused by the 
“if/else” statement has a low sensitivity on the global variation of the stomata resistance.  

  
Figure 30 – Product of stomatal penalty factors function of temperature and radiation 

Even adopting a smoother change between day and night transpiration rate; simulation 
results (see Figure 29) show that at sunset a drastic reduction of the internal resistance upon 
radiation limits the plant transpiration. Vice versa, the canopy temperature suddenly drops in 
the early morning because of the increased transpiration. This phenomenon should not 
surprise, in fact it reflects the presence of dew on canopy foliage on mornings after cold 
bright nights or when its temperature drops below the dew point. According to simulated 
results, condensation on canopy leaves never occurs. In fact, even considering the maximum 
humidity level allowed in the greenhouse (relative humidity of 80%), a temperature difference 
of 0.5°C between air and canopy does not involve any condensation on the canopy as it has 
been modelled. 
The observed behaviour occurs even if the blackout screen is fully closed. This is a 
consequence of gaps that remain in it. The model is based on formulas per unit of surface, 
thus the minimum gap is equally distributed on the greenhouse area. An accurate design and 
installation of the blackout screens can reduce the influence of the incoming solar radiation. 
For example, designing the screens so that the gaps in the screens occur above the pathway 
and not above the canopy, contributes to lower the effect of the evapotranspiration on the 
canopy temperature. 
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5 CONCLUSIONS 
 
Generally it is suggested a sixteen hours day-length followed by eight hours of night for 
growing tomatoes in a 24hr cycle (see [ 4 ], [ 11 ], [ 12 ], [ 13 ]). In order to achieve a year-
long fruit production, the designed greenhouse is equipped with blackout screens and an 
artificial lighting system Blackout screens are installed to avoid lighting pollution and to 
handle tomatoes photoperiod. High Pressure Sodium lamps furnish the required light even 
during midwinter, when the outdoor solar radiation is almost absent. 
Adopting a 16+8 hours cycle for the greenhouse under design implicate a huge difference on 
the absorbed electrical energy between day and night phase. A cheaper electricity tariff can 
usually be agreed if the gross power demand is kept constant along the day. The goal to 
level off the required electrical power during one day can be achieved dividing the whole 
greenhouse area in three zones with a phase shift of eight hours between the canopy 
photoperiod of each zone. 
Simulation results shows that the sunlight intercepted by the plant canopy of one zone is 
almost 20% greater than the light received by the canopy in the other two zones. A reduction 
on the 24hr cycle has been suggested in order to smooth this difference between each zone. 
Using the Daily Light Integral as indicator, simulation results show that a global shortening of 
45 minutes on the tomatoes photoperiod permits to achieve the target. 
If on one hand a lower crop day-length permits to uniform the yield production along the 
three zones, on the other hand it requires a control system independent of the mutual effect 
between the blackout screen position and the outdoor solar radiation because it is always 
changing. A control methodology which permits to create the adequate crop growth 
environment has been designed and results are given. 
Once the artificial lighting control has been defined, the blackout screens are controlled by a 
clock in series with the signal controlling the lamps. Clock’s signal defines when the foreseen 
sunlight is enough high to stimulate plant growth. Coupling in series the clock signal and the 
artificial lighting signal permits to control the screen closure avoiding any lighting pollution. A 
solar radiation meter can replace the clock or be included in the system, in such a way during 
cloudy days the blackout screens can be kept closed if the outdoor radiation is below a 
predefined value. 
Remaining controlled equipment include the roof vents and the heating pipes located below 
the benches. In both cases a proportional controller has been modelled. Due to the strength 
of measuring leaves temperature, the controlled parameter is the air temperature. The 
desired temperature changes between crop day-period and night-period. Thus, the settings 
of both controller varies along the day. The switching between the two configurations must 
be done in accordance with crop photoperiod which coincides with the scheduling adopted 
for the artificial lighting system. 
Simulation results shows the needing to limit the roof vents aperture and to turn on in 
advance the heating system. Adopting such modification, parameters considered 
fundamental for crop growth are within an acceptable range. 
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Although results are promising, the model developed utilize a proportional controller which 
involves a continuous adjustment of the vents position. Moving continuously the vents is not 
recommended because the motors requires more maintenance and failures occur more 
likely. A control with subsequent steps is thus usually adopted. It requires to predefine the 
opening rate of each step and the temperature at which every opening rate is used. The 
developed model can help to define the entity of each step. 
The overall proposed control methodology can be used at the beginning of the operations 
when historical information on the variations due to external factors on the greenhouse 
climate are unavailable. However, because this model has not been validated some 
modifications on the suggested control system will probably be needed. 
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7 APPENDIX A 

7.1 NOMENCLATURE 

7.1.1 State variables 
Symbol Description Unit 

T Temperature °C 

C_H2O Water vapour concentration kg m-3 

7.1.2 Flux densities variables 
Symbol Description Unit 

Q Sensible heat flux W 

Rsun 
Radiation flux calculated in the «solar radiation 
(sub)model» 

W 

RFIR 
Radiation flux calculated in the «Far Infrared 
Radiation (sub)model» 

W 

ΦH2O Water flux kg s-1 

ΦAIR Air flux m3 s-1 

7.1.3 Subscripts and superscripts 
Symbol Description 

cov.out Cover outer layer 

cov.in Cover inner layer 

airAS Air above the blackout screen 

Scr Blackout screen 

air Air of the main zone 

can Canopy 

floor Floor surface 

soil Soil first layer 

ground Ground 

lamp Artificial lamps 

pipeUHS Pipes of the upper heating system 

pipeLHS Pipes of the lower heating system 

growpipe Growing pipes 

roofVent Roof vents 

in Ingoing or inner 

out Outgoing or outer 
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7.1.4 Other variables 
Symbol Description Unit 

cap Thermal capacity J K-1 

LH Latent heat of vaporization (2.45*106) J kg-1 

RH Relative humidity % 

A Area m2 

V Volume m3 

7.2 SMOOTHING FUNCTION 
In the mathematical model description, conditional statement “if/else” occurs. These 
statements lead to a discontinuity in the derivative and thus are not differentiable. Therefore 
all the conditional statement, minimum and maximum are done using a sigmoid function like: 

𝑆𝐹 = 𝑓(𝛥𝑋, 𝜉) = 1 �1 + 𝑒−𝜉∗𝛥𝑋�⁄   
Equation 7.1 – [-] 

where 𝜉  is the slope and Δ𝑋 = 𝑋 − 𝑋𝑟𝑒𝑓 , in which 𝑋  is the value of the independent 
parameter and 𝑋𝑟𝑒𝑓  is the switch point. The function SF is equal to zero for 𝑋 ≪ 𝑋𝑟𝑒𝑓  and 
equals to 1 for 𝑋 ≫ 𝑋𝑟𝑒𝑓. The sign 𝜉 determines if the differentiable switch value increases 
(𝜉 < 0) or decrease (𝜉 > 0). In Figure 31 the smoothing function SF for different values of 𝜉 is 
given. In this model the value 𝜉 = 50 is used. 

 
Figure 31 – Smoothing function centred in 2 for different values of ξ (1, 2, 5, 10, 50, 100) 

Using this structure, it does not make sense to specify the value assumed at the switch point 
because it is averaged between the two opposite possibilities. Therefore, to remember that 
every conditional statement is calculated using a smoothed function, in all the provided 
equations is not indicated the signal = but only > or <. 
For instance the following equation 

 

 

2.80 + 1.20|𝑣𝑤𝑖𝑛𝑑|1.0  𝑖𝑓 𝑣𝑤𝑖𝑛𝑑 < 4 [m s-1] 

𝐾out→cov.out =   

 0.00 + 2.50|𝑣𝑤𝑖𝑛𝑑|0.8  𝑖𝑓 𝑣𝑤𝑖𝑛𝑑 > 4 [m s-1] 
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Equation 7.2 – [W m-2 K-1] 

is replaced with: 
𝐾out→cov.out = [2.80 + 1.20|𝑣𝑤𝑖𝑛𝑑|1.0] ∗ 1 �1 + e+ξ∗(𝑣𝑤𝑖𝑛𝑑−4)��

+ [0.00 + 2.50|𝑣𝑤𝑖𝑛𝑑|0.8] ∗ 1 �1 + e−ξ∗(𝑣𝑤𝑖𝑛𝑑−4)��  
Equation 7.3 – [W m-2 K-1] 

Next figure compare the resulting smoothed function (continuous line) with the original one 
(dashed line). We can see also that the error due the approximation given by the value of 𝜉 is 
negligible. 

 
Figure 32 – Example of smoothed function 
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8 APPENDIX B 

8.1 WEATHER DATA 
The necessary weather data to run the simulation are extracted from historic data available 
for EnergyPlus Simulation Software. The selected data are those for Reykjavik region1

From the entire database file, the following data are extracted: 
. 

− hour (progressive) [-] 
− dry bulb temperature [°C] 
− relative humidity [%] 
− global horizontal radiation [W m-2] 
− extraterrestrial horizontal radiation [W m-2] 
− wind speed [m s-1] 

EnergyPlus weather data are stored on a hourly basis, because Simulink interpolates 
missing data linearly, before to proceed with the simulation all the extracted data have been 
interpolated using a cubic interpolation function along minutes. 
Generally not all weather data are available, however in literature there are many equations 
which permits to calculate some of them from the knowledge of other more common. 
Following are described all the equations used to calculate the ground temperature at a 
certain depth and the sky temperature. 

8.1.1 Ground temperature 
The soil temperature at a certain depth is calculated using the model developed by Kasuda 
(1965) that is commonly used in many simulation software (e.g. TRNSYS). 

𝑇𝑔𝑟𝑜𝑢𝑛𝑑 = 𝑇𝑚𝑒𝑎𝑛 − 𝑇𝑎𝑚𝑝 ∗ 𝑒𝑥𝑝 �−𝑧 ∗ �𝜋∗𝐷
365

�
0.5

� ∗ 𝑐𝑜𝑠 � 2𝜋
365

∗ �𝑡𝑛𝑜𝑤 − 𝑡𝑠ℎ𝑖𝑓𝑡 − 𝑧
2

∗ �365∗𝐷
𝜋

�
0.5

��  

Equation 8.1 – [°C] 

where 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 [°C] is the soil temperature at the depth 𝑧 [m] below the surface, 𝑇𝑚𝑒𝑎𝑛 [°C] is 
the mean surface temperature (average air temperature), 𝑇𝑎𝑚𝑝  [°C] amplitude of surface 
temperature (maximum air temperature minus minimum air temperature), 
𝐷 = 𝜆𝑠𝑜𝑖𝑙 �𝜌𝑠𝑜𝑖𝑙 ∗ 𝑐𝑝_𝑠𝑜𝑖𝑙�⁄  [m2 s-1] is the thermal diffusivity of the ground, 𝑡𝑛𝑜𝑤 [-] is the current 
day of the year {1..365}, 𝑡𝑠ℎ𝑖𝑓𝑡 [-] is the day of the year corresponding to the minimum surface 
temperature {1..365}. 

8.1.2 Sky temperature 
The sky temperature is calculated according Vanthoor (2011): 

𝑇𝑠𝑘𝑦 = �(1 − 𝐶𝐹)𝜀𝑠𝑘𝑦_𝑐𝑙𝑒𝑎𝑟(𝑇𝑜𝑢𝑡 + 273.15)4 + 𝐶𝐹[(𝑇𝑜𝑢𝑡 + 273.15)4 − 9/𝜎]�0.25 − 273.15  
Equation 8.2 – [°C] 

                                                
1Data for other regions can be downloaded at http://apps1.eere.energy.gov/buildings/energyplus/ 

http://apps1.eere.energy.gov/buildings/energyplus/�
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where CF [-] is the cloud fraction, 𝜀𝑠𝑘𝑦_𝑐𝑙𝑒𝑎𝑟 is the emissivity of a clear sky in the thermal 
wavelength (FIR), 𝑇𝑜𝑢𝑡 [°C] is the outdoor temperature, 𝜎 [W m-2 K-4] is the Stefan Boltzmann 
constant. 
The cloud fraction during day period is averaged along the day and calculated by: 

𝐶𝐹 = ∑ 𝐼𝑔𝑙𝑜𝑏 ∑ 𝐼𝑒𝑥𝑡𝑟𝑎⁄   
Equation 8.3 – [°C] 

where 𝐼𝑔𝑙𝑜𝑏  [W m-2] is the global radiation on a horizontal plane and 𝐼𝑒𝑥𝑡𝑟𝑎  [W m-2] is the 
global extraterrestrial radiation. During the night there is not solar radiation, therefore the 
cloud fraction is determined interpolating linearly the cloud fraction of preceding and next 
day. To smooth the step that occurs between one day and the next, the interpolation is done 
across three hours as showed in next figure. 

 
Figure 33 – Interpolation used for calculating the cloud fraction 

8.2 HUMID AIR RELATED EQUATIONS 
The humidity of the air is related with the water vapour saturation pressure which depends on 
the temperature. Following paragraphs describe the equations used to calculate all these 
parameters. 

8.2.1 Saturation pressure 
The water vapour saturation pressure 𝑉𝑃𝑠𝑎𝑡 at the temperature 𝑇 [°C] is computed by: 

𝑉𝑃𝑠𝑎𝑡 = 𝐴 ∗ 𝑒(𝐵∗𝑇) (𝐶+𝑇)⁄   
Equation 8.4 – [Pa] 

where the constants A, B, C assume these values: 
 𝐴 = 610.780    𝐴 = 610.714  

𝐼𝑓 𝑇 ≥ 0°𝐶  𝐵 = 17.08085   𝐼𝑓 𝑇 < 0°𝐶  𝐵 = 22.44294  
 𝐶 = 234.175    𝐶 = 272.440  
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8.2.2 Water vapour concentration 
The water vapour concentration is calculated using the law for ideal gas: 

𝐶_𝐻2𝑂𝑖 = 𝑉𝑃𝑖∗𝑀𝑀𝐻2𝑂
𝑅∗(𝑇+273.15)

  

Equation 8.5 - [kg{H2O} m-3] 

where 𝑉𝑃i [Pa] is the water vapour pressure of the zone 𝑖, MMH2O = 18 ∗ 10−3 [kg mol-1] is 
the molar mass of water, R = 8.314 [J mol-1 K-1] is the ideal gas constant, T [°C] is the 
temperature at which has been calculated 𝑉𝑃i. 
To calculate the concentration of water in saturation condition, the water vapour saturation 
pressure 𝑉𝑃𝑠𝑎𝑡 is used. 

8.2.3 Water vapour pressure 
The water vapour pressure is described by: 

𝑉𝑃𝑖 = 𝑉𝑃𝑠𝑎𝑡 ∗ 𝐶_𝐻2𝑂𝑖
𝐶_𝐻2𝑂𝑠𝑎𝑡_𝑖

  

Equation 8.6 - [Pa] 

where 𝑉𝑃sat [Pa] is the water vapour saturation pressure at the temperature 𝑇, the terms 
𝐶_𝐻2𝑂𝑖 and C_H2Osat_i [kg{H2O} m-3] indicate its concentration and the saturation concentration 
respectively. 

8.2.4 Relative humidity 
The relative humidity is defined as: 

𝑅𝐻 = 100 ∗ 𝑉𝑃𝑖
𝑉𝑃𝑠𝑎𝑡_𝑖

  

Equation 8.7 - [%] 

From this relation the outdoor water vapour concentration and the indoor relative humidity 
are computed. 
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9 APPENDIX C 
 
The obtained results indicates that the designed heating system is slightly undersized. A 
simplified steady state design has been done in order to estimate the required surface which 
meets the thermal load. From the obtained pipe length estimation, a new simulation has 
been performed and results are plotted later. 

9.1 THERMAL LOAD ESTIMATION 

9.1.1 Design parameters 
In order to estimate the heat losses that occurs during winter, the following design 
parameters has been assumed: 

Symbol Value Unit Description 
Vwind 8 m s-1 Wind velocity adopted to correct the glazing U-value 
Tout -5 °C Outdoor dry-bulb temperature 
Tair 18 °C Greenhouse design air temperature 
ACH 1 vol h-1 Air Changes per Hour (mechanical ventilation) 
    
Width 110 m Greenhouse width 
length 110 m Greenhouse length 
height  6 m Greenhouse height 
    
𝜃  26 ° Cover slope 
U 4.34 W m-2 K-1 Glass U-Value with 0 m s-1 wind speed 

 
From above data a simplified estimation of the involved heat exchange surfaces gives: 

𝐴𝑓𝑙𝑜𝑜𝑟 = 𝑤𝑖𝑑𝑡ℎ ∗ 𝑙𝑒𝑛𝑔𝑡ℎ = 12100 𝑚2  ⇒ 1 𝑚3
𝑚2�   

𝐴𝑠𝑖𝑑𝑒 = 2 ∗ (𝑤𝑖𝑑𝑡ℎ + 𝑙𝑒𝑛𝑔𝑡ℎ) ∗ ℎ𝑒𝑖𝑔ℎ𝑡 = 2640 𝑚2   

𝐴𝑐𝑜𝑣 = 𝐴𝑓𝑙𝑜𝑜𝑟

𝑐𝑜𝑠(𝜃) = 13462 𝑚2  

𝐴𝑔𝑙𝑎𝑠𝑠 = 𝐴𝑐𝑜𝑣 + 𝐴𝑠𝑖𝑑𝑒 = 16102 𝑚2  ⇒ 1.33 𝑚2
𝑚2�   

while the considered volume in the definition of the parameter ACH is assumed equal to: 

𝑉 = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ ℎ𝑒𝑖𝑔ℎ𝑡 = 72600 𝑚3  ⇒ 6 𝑚3
𝑚2�   

Because the model is based on formulas per unit of surface, all above data are referred to 
the floor surface as well as later calculations. 
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9.1.2 Heat losses estimation 
According to Panagiotou [ 22 ], heat losses from a greenhouse are composed of two 
components: 

𝑄 = 𝑄𝑇 + 𝑄𝐼  
where 

𝑄𝑇 [𝑊] = Transmission heat losses through the roof and the glass 

𝑄𝐼 [𝑊] = Infiltration and ventilation losses due the heating of cold outside air 
 
Generally the transmission heat losses trough the unglazed area are negligible, so it is 
assumed that: 

𝑄𝑇  ≈ 𝐴𝑔𝑙𝑎𝑠𝑠 ∗ 𝑈𝑔𝑙𝑎𝑠𝑠 ∗ (𝑇𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟)  
where 

𝑈𝑔𝑙𝑎𝑠𝑠  � 𝑊
𝑚2 𝐾

� = heat transfer coefficient 

 
In order to take into account the influence of the wind speed, the U-Values for a single glass 
cover material furnished by Rafferty [ 27 ] has been interpolated obtaining following equation: 

𝑈𝑔𝑙𝑎𝑠𝑠 = 0.295 ∗ 10−4 ∗ 𝑉𝑤𝑖𝑛𝑑
5 − 1.14 ∗ 10−3 ∗ 𝑉𝑤𝑖𝑛𝑑

4 + 1,70 ∗ 10−2 ∗ 𝑉𝑤𝑖𝑛𝑑
3 − 1.34 ∗

10−1 ∗ 𝑉𝑤𝑖𝑛𝑑
2 + 0.70 ∗ 𝑉𝑤𝑖𝑛𝑑 + 4.34  

thus, considering a wind speed of 8 𝑚/𝑠 , the U-value is increased from 4.340 W
m2 K

 to 

6.365 W
m2 K

. Panagiotou [ 22 ] reports a value of 6.34 W
m2 K

 for the same wind velocity while 

Padakis et. al [ 23 ] indicates an average value of 5.8 W
m2 K

. 

The calculated value is the highest if compared with those given by other authors, therefore 

following calculation are done assuming that the value U𝑔𝑙𝑎𝑠𝑠 = 6.365 W
m2 K

 takes into account 

also the losses due infiltration. 
The transmission losses are: 

𝑄𝑇
𝐴𝑓𝑙𝑜𝑜𝑟

= 1.33 ∗ 6.365 ∗ �18 − (−5)� = 194.7 � 𝑊
𝑚2�  

The ventilation losses are calculated according to: 

𝑄𝐼
𝐴𝑓𝑙𝑜𝑜𝑟

= 𝐴𝐶𝐻
3600

∗ ℎ𝑒𝑖𝑔ℎ𝑡 ∗ 𝐶𝑝 ∗ 𝜌 ∗ (𝑇𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟) = 1
3600

∗ 6 ∗ 1006 ∗ 1.2 ∗ �18 − (−5)� =

46.3 � 𝑊
𝑚2�  

thus the total losses that heating system has to supply are: 

𝑄 = 𝑄𝑇 + 𝑄𝐼 = 194.7 + 46.3 = 241 � 𝑊
𝑚2�  
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9.1.3 Pipe-length estimation 
The total pipe length 𝐿 [𝑚] can be calculated as: 

𝐿 = 𝑄
𝑞
  

where 

𝑄 [𝑊] = thermal power to be supplied 

𝑞 [𝑊/𝑚] = output heat per metre of pipe 
If 𝑄 is expressed in watt per unit of surface [W/m2], same relation gives the pipe length each 
square metre of greenhouse floor area. 
A simplified estimation of the convective heat transfer coefficient for horizontal pipes in air 
(free convection) is given by 

ℎ = 1.28 ∗ �𝛥𝑇
𝑑

�
0.25

  source: De Zwart [ 35 ] 

ℎ = 1.32 ∗ �𝛥𝑇
𝑑

�
0.25

  source: Holman [ 14 ] and ASHRAE [ 4 ] 

where 

𝛥𝑇 [°𝐶] = 𝑇𝑤 − 𝑇∞ = 𝐴𝑃𝑆𝑇 − 𝑇𝑎𝑖𝑟  

𝑑 [𝑚] = 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒  
Since the output heat is the sum of two components: 

𝑞 = 𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑞𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛  
in a similar manner of what did Lund [ 17 ], we can define 

𝑞
𝐴� = [1.3 ∗ 𝑑0.25 ∗ 𝛥𝑇1.25] + (0.9 ∗ 5.7 ∗ 10−8) ∗ [(𝑇1)4 − (𝑇2)4]  

where: 

𝛥𝑇 [°𝐶] = 𝑇𝑤 − 𝑇∞ = 𝐴𝑃𝑆𝑇 − 𝑇𝑎𝑖𝑟  

𝐴𝑃𝑆𝑇 [°𝐶]  = Average Pipe Surface Temperature 

𝑇𝑎𝑖𝑟 [°𝐶]  = Greenhouse air design temperature 

𝑇1   = 273.15 + 𝐴𝑃𝑆𝑇 

𝑇2   = 273.15 + (𝐴𝑈𝑆𝑇 + 𝑇𝑎𝑖𝑟)/2 

𝐴𝑈𝑆𝑇 [°𝐶]  = Average Temperature of Unheated Surfaces in the greenhouse (walls 
and roof) 

𝐴 [𝑚2/ 𝑚]  = outside surface area of pipe / unit length 
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Assuming to use steel pipes, the temperature difference between the APST and the average 
water temperature 𝐴𝑊𝑇 is negligible. Thus 𝐴𝑊𝑇 ≈ APST. 
 
In order to take into account the presence of the growing pipes, the total heat demand 𝑄 has 
been lowered of 25 W/m2. Remaining assumptions are reported in next table. 

Twater in 80 °C 
 

Tout -5 °C 
Twater out 70 °C 

 
Tair 18 °C 

    
ACH 1 vol/h 

AWT 75 °C 
 

V 6 m3 / m2 
APST 75 °C 

 
U glass 6,365 W m-2 K-1 

AUST 6,5 °C 
 

A glass 1,33 m2 / m2 

       ∆Τ 57 °C 
 

Qt 194,7 W/m2 
T1 348,15 K 

 
Qi 46,3 W/m2 

T2 285,4 K 
 

Q 216,0 W/m2 
 
Following tables shows the estimated pipe length. According to these data, the designed 
heating system is undersized, however if the ventilation is reduced from 𝐴𝐶𝐻 = 1 𝑣𝑜𝑙/ℎ to 
𝐴𝐶𝐻 = 0.08 𝑣𝑜𝑙/ℎ (≈0.13 l/s per square meter) or less the lower heating system meets the 
required thermal demand. 
 

DN outside 
diameter 

inside 
diameter pipe area q pipe 

length 
water 

velocity 
[mm] [mm] [mm] [m2/m] [W/m] [m/m2] [m/s] 

40 48,260 40,894 0,1516 128,5 1,68 2,40 
50 60,325 52,501 0,1895 156,2 1,38 0,88 
65 73,025 62,713 0,2294 184,7 1,17 0,43 
80 88,900 73,660 0,2793 219,6 0,98 0,23 

Table 5 – Pipe length estimation assuming AWT=75°C, ACH=1 vol/h, Q=216 W/m2 

DN outside 
diameter 

inside 
diameter pipe area q pipe 

length 
water 

velocity 
[mm] [mm] [mm] [m2/m] [W/m] [m/m2] [m/s] 

40 48,260 40,894 0,1516 128,5 1,35 1,92 
50 60,325 52,501 0,1895 156,2 1,11 0,71 
65 73,025 62,713 0,2294 184,7 0,94 0,35 
80 88,900 73,660 0,2793 219,6 0,79 0,18 

Table 6 – Pipe length estimation assuming AWT=75°C, ACH=0.08 vol/h, Q=173 W/m2 

A simulation setting the airflow rate equal to 0.13 [𝑙 𝑠−1 𝑚−2] instead of 10 [𝑙 𝑠−1 𝑚−2] has 
been performed. Its results during winter time are plotted in next figures. 
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Figure 34 – Zone 1 results, winter conditions. Control system configured according to “Step 5”. 

Mechanical ventilation reduced to 0.13 l s-1 m-2 
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Figure 35 – Zone 2 results, winter conditions. Control system configured according to “Step 5”. 

Mechanical ventilation reduced to 0.13 l s-1 m-2 
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Figure 36 – Zone 3 results, winter conditions. Control system configured according to “Step 5”. 

Mechanical ventilation reduced to 0.13 l s-1 m-2 
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10 APPENDIX D 

10.1 CONSTRUCTION RELATED VARIABLES 
Symbol Description Unit 

𝑙𝑒𝑛𝑔𝑡ℎ = 110  Length of greenhouse m 

𝑤𝑖𝑑𝑡ℎ = 110  Width of greenhouse m 

𝜃 = 26/(180𝜋)  Angle of the roof (cover) with horizontal plane rad 

ℎ𝑔𝑢𝑡𝑡𝑒𝑟 = 6  Height of greenhouse gutter m 

ℎ𝑟𝑖𝑑𝑔𝑒 = ℎ𝑔𝑢𝑡𝑡𝑒𝑟 + 0.5 ∗ 𝑤𝑖𝑑𝑡ℎ ∗ tan 𝜃  Height of greenhouse ridge m 

𝐴𝑓𝑙𝑜𝑜𝑟 = 𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑤𝑖𝑑𝑡ℎ  Surface area of the greenhouse floor m2 

Vair = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ ℎ𝑔𝑢𝑡𝑡𝑒𝑟  Volume of air m3 

VairAS = 𝐴𝑓𝑙𝑜𝑜𝑟 ∗ 0.5(ℎ𝑟𝑖𝑑𝑔𝑒 − ℎ𝑔𝑢𝑡𝑡𝑒𝑟)  Volume of air above the screen m3 

10.2 COVER RELATED VARIABLES 
Symbol Description Unit 
Acov = 𝐴𝑓𝑙𝑜𝑜𝑟/ cos 𝜃  Surface area of the cover m2 

𝜆𝑐𝑜𝑣 = 1.16  Thermal heat conductivity of the cover W m-1 K-1 

𝜌𝑐𝑜𝑣 = 2600  Density of the cover kg m-3 

𝑐𝑝_𝑐𝑜𝑣 = 0.84 ∗ 103  Specific heat capacity of the cover J kg-1 K-1 

dcov = 5 ∗ 10−3  Thickness of the cover layer m 

𝑐𝑎𝑝𝑐𝑜𝑣 = Acov ∗ 𝑐𝑝_𝑐𝑜𝑣 ∗ 𝜌𝑐𝑜𝑣 ∗ dcov  Thermal capacity J K-1 

ρFIR_cov = 0.15  FIR reflection coefficient - 
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Symbol Description Unit 

τFIR_cov = 0  FIR transmission coefficient - 

αFIR_cov = 1 − ρFIR_cov − τFIR_cov  FIR absorption / emission coefficient - 
ρNIR_cov = 0.13  NIR reflection coefficient - 

τNIR_cov = 0.85  NIR transmission coefficient - 

αNIR_cov = 1 − ρFIR_cov − τFIR_cov  NIR absorption coefficient - 

ρPAR_cov = 0.13  PAR reflection coefficient - 

τPAR_cov = 0.85  PAR transmission coefficient - 

αPAR_cov = 1 − ρFIR_cov − τFIR_cov  PAR absorption coefficient - 

10.3 BLACKOUT SCREEN RELATED VARIABLES 
Symbol Description Unit 
AScr = 𝐴𝑓𝑙𝑜𝑜𝑟  Surface area of the screen m2 

𝜆𝑆𝑐𝑟 = 0.85  Thermal heat conductivity of the screen W m-1 K-1 

𝜌𝑆𝑐𝑟 = 200  Density of the screen kg m-3 

𝑐𝑝_𝑆𝑐𝑟 = 1.8 ∗ 103  Specific heat capacity of the screen J kg-1 K-1 

dScr = 3.5 ∗ 10−3  Thickness of the screen m 

𝑐𝑎𝑝𝑆𝑐𝑟 = AScr ∗ 𝑐𝑝_𝑆𝑐𝑟 ∗ 𝜌𝑆𝑐𝑟 ∗ dScr  Thermal capacity J K-1 

ρFIR_Scr = 0.18  FIR reflection coefficient - 

τFIR_Scr = 0.01  FIR transmission coefficient - 

αFIR_Scr = 1 − ρFIR_Scr − τFIR_Scr  FIR absorption / emission coefficient - 
ρNIR_Scr = 0.18  NIR reflection coefficient - 

τNIR_Scr = 0.01  NIR transmission coefficient - 
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Symbol Description Unit 
αNIR_Scr = 1 − ρNIR_Scr − τNIR_Scr  NIR absorption coefficient - 

ρPAR_Scr = 0.80  PAR reflection coefficient - 

τPAR_Scr = 0.01  PAR transmission coefficient - 

αPAR_Scr = 1 − ρPAR_Scr − τPAR_Scr  PAR absorption coefficient - 

10.4 GREENHOUSE FLOOR AND SOIL LAYERS RELATED VARIABLES 
Symbol Description Unit 
𝜆𝑓𝑙𝑜𝑜𝑟 = 1.7  Thermal heat conductivity of the floor (upper layer) W m-1 K-1 

𝜌𝑓𝑙𝑜𝑜𝑟 = 2200  Density of the floor kg m-3 

𝑐𝑝_𝑓𝑙𝑜𝑜𝑟 = 0.8 ∗ 103  Specific heat capacity of the floor J kg-1 K-1 

d�loor = 0.05  Thickness of the floor m 

𝑐𝑎𝑝𝑓𝑙𝑜𝑜𝑟 = A�loor ∗ 𝑐𝑝_𝑓𝑙𝑜𝑜𝑟 ∗ 𝜌𝑓𝑙𝑜𝑜𝑟 ∗ d�loor  Thermal capacity of the floor J K-1 

𝜆𝑠𝑜𝑖𝑙 = 0.85  Thermal heat conductivity of the soil (remaining layers) W m-1 K-1 

𝜌𝑠𝑜𝑖𝑙 = 1400  Density of the soil kg m-3 

𝑐𝑝_𝑠𝑜𝑖𝑙 = 1.05 ∗ 103  Specific heat capacity of the soil J kg-1 K-1 

dsoil 1 = 0.08  Thickness of the modelled soil layer 1 m 

dsoil 2 = 0.12  Thickness of the modelled soil layer 2 m 

dsoil 3 = 0.20  Thickness of the modelled soil layer 3 m 

dsoil 4 = 0.36  Thickness of the modelled soil layer 4 m 

dsoil 5 = 0.72  Thickness of the modelled soil layer 5 m 

𝑐𝑎𝑝𝑠𝑜𝑖𝑙 𝑗 = A�loor ∗ 𝑐𝑝_𝑠𝑜𝑖𝑙 ∗ 𝜌𝑠𝑜𝑖𝑙 ∗ dsoil j  Thermal capacity of the soil layer j J K-1 

z = d�loor + ∑ dsoil jj   Depth where is calculated Tground m 
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Symbol Description Unit 

ρFIR_�loor = 0  FIR reflection coefficient - 

τFIR_�loor = 0  FIR transmission coefficient - 

αFIR_�loor = 1 − ρFIR_�loor − τFIR_�loor  FIR absorption / emission coefficient - 
ρNIR_�loor = 0.5  NIR reflection coefficient - 

τNIR_�loor = 0  NIR transmission coefficient - 

αNIR_�loor = 1 − ρNIR_�loor − τNIR_�loor  NIR absorption coefficient - 

ρPAR_�loor = 0.65  PAR reflection coefficient - 

τPAR_�loor = 0  PAR transmission coefficient - 

αPAR_�loor = 1 − ρPAR_�loor − τPAR_�loor  PAR absorption coefficient - 

10.5 HEATING AND COOLING SYSTEMS RELATED VARIABLES 
Symbol Description Unit 
lpipeLHS = (12/10.8) ∗ 𝐴𝑓𝑙𝑜𝑜𝑟  Total length of the lower heating system pipes m 

Φ𝑝𝑖𝑝𝑒𝐿𝐻𝑆_𝑜𝑢𝑡 = 2.375 ∗ (25.4/1000)  Outer diameter of the lower heating system pipes m 

Φ𝑝𝑖𝑝𝑒𝐿𝐻𝑆_𝑖𝑛 = 2.067 ∗ (25.4/1000)  Inner diameter of the lower heating system pipes m 

𝐴𝑝𝑖𝑝𝑒𝐿𝐻𝑆 = π ∗ Φ𝑝𝑖𝑝𝑒𝐿𝐻𝑆_𝑜𝑢𝑡 ∗ lpipeLHS  Surface of the lower heating system pipes m2 

𝑐𝑎𝑝𝑝𝑖𝑝𝑒𝐿𝐻𝑆 =

lpipeLHS ∗ 0.25π�𝜌𝑠𝑡𝑒𝑒𝑙𝑐𝑝_𝑠𝑡𝑒𝑒𝑙�Φ𝑝𝑖𝑝𝑒𝐿𝐻𝑆_𝑜𝑢𝑡
2 −

Φ𝑝𝑖𝑝𝑒𝐿𝐻𝑆_𝑖𝑛
2� + 𝜌𝐻2𝑂𝑐𝑝_𝐻2𝑂�Φ𝑝𝑖𝑝𝑒𝐿𝐻𝑆_𝑖𝑛

2��  

Thermal capacity of the lower heating system pipes J K-1 

ρFIR_pipe = 0.12  FIR reflection coefficient - 

τFIR_pipe = 0  FIR transmission coefficient - 

αFIR_pipe = 1 − ρFIR_pipe − τFIR_pipe  FIR absorption / emission coefficient - 



93 
 

Symbol Description Unit 
ρNIR_pipe = 0.10  NIR reflection coefficient - 

τNIR_pipe = 0  NIR transmission coefficient - 

αNIR_pipe = 1 − ρNIR_pipe − τNIR_pipe  NIR absorption coefficient - 

ρPAR_pipe = 0.10  PAR reflection coefficient - 

τPAR_pipe = 0  PAR transmission coefficient - 

αPAR_pipe = 1 − ρPAR_pipe − τPAR_pipe  PAR absorption coefficient - 

PreHeatLHS = 1 ∗ 3600   Time in advance the lamps switching off operation at which the preheating 
starts 

s 

l𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 = (12/10.8) ∗ 𝐴𝑓𝑙𝑜𝑜𝑟  Total length of the growing pipes m 

Φ𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒_𝑜𝑢𝑡 = 0.038  Outer diameter of the growing pipes m 

Φ𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒_𝑖𝑛 = 0.034  Inner diameter of the growing pipes m 

𝐴𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 = π ∗ Φ𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒_𝑜𝑢𝑡 ∗ l𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒  Surface of the growing pipes m2 

𝑐𝑎𝑝𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 =

l𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 ∗ 0.25π�𝜌𝑠𝑡𝑒𝑒𝑙𝑐𝑝_𝑠𝑡𝑒𝑒𝑙�Φ𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒_𝑜𝑢𝑡
2 −

Φ𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒_𝑖𝑛
2� + 𝜌𝐻2𝑂𝑐𝑝_𝐻2𝑂�Φ𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒_𝑖𝑛

2��  

Thermal capacity of the growing pipes J K-1 

ρFIR_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 = 0.12  FIR reflection coefficient - 

τFIR_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 = 0  FIR transmission coefficient - 

αFIR_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 = 1 − ρFIR_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒 − τFIR_𝑔𝑟𝑜𝑤𝑝𝑖𝑝𝑒  FIR absorption / emission coefficient - 

𝐴𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡 = 0.25 ∗ 𝐴𝑓𝑙𝑜𝑜𝑟  Roof vents opening area m2 

ℎ𝑟𝑜𝑜𝑓𝑉𝑒𝑛𝑡 = 0.40  Vertical dimension of a single ventilation opening m 

𝐶𝑑 = 0.75  Ventilation discharge coefficient (depends on greenhouse shape) - 

𝐶𝑤 = 0.90  Ventilation global wind pressure coefficient (depends on greenhouse shape) - 
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10.6 LAMPS MODEL RELATED VARIABLES 
Symbol Description Unit 
Alamp = 0.278 ∗ π ∗ 0.25 ∗ 0.32 ∗ 𝐴𝑓𝑙𝑜𝑜𝑟  Surface area of the lamps reflector (0.278 = lamps per square meter) m2 

𝑊𝑙𝑎𝑚𝑝 = 278 ∗ 𝐴𝑓𝑙𝑜𝑜𝑟  Total electrical power of the installed lamps W 

𝜂𝑟𝑎𝑑_𝑙𝑎𝑚𝑝_𝐹𝐼𝑅 = 0.36  Ratio between FIR emitted by the lamps and the total absorbed electric 
power (see Equation 2.16) 

- 

𝜂𝑟𝑎𝑑_𝑙𝑎𝑚𝑝_𝑁𝐼𝑅 = 0.10  Ratio between NIR emitted by the lamps and the total absorbed electric 
power (see Equation 2.16) 

- 

𝜂𝑟𝑎𝑑_𝑙𝑎𝑚𝑝_𝑃𝐴𝑅 = 0.26  Ratio between PAR emitted by the lamps and the total absorbed electric 
power (see Equation 2.16) 

- 

𝜂𝑟𝑎𝑑_𝑙𝑎𝑚𝑝_ℎ𝑒𝑎𝑡 = 0.13  Ratio between released heat by conduction + convection and the total 
absorbed electric power (see Equation 2.16) 

- 

𝜂𝑟𝑎𝑑_𝑙𝑎𝑚𝑝_𝑏𝑎𝑙𝑙𝑎𝑠𝑡 = 0.15  Ratio between ballast losses and the total absorbed electric power (see 
Equation 2.16) 

- 

ρFIR_lamp = 0.2  FIR reflection coefficient - 

τFIR_lamp = 0  FIR transmission coefficient - 

αFIR_lamp = 1 − ρFIR_lamp − τFIR_lamp  FIR absorption coefficient - 

ρNIR_lamp = 0.2  NIR reflection coefficient - 

τNIR_lamp = 0  NIR transmission coefficient - 

αNIR_lamp = 1 − ρNIR_lamp − τNIR_lamp  NIR absorption coefficient - 

ρPAR_lamp = 0.7  PAR reflection coefficient - 

τPAR_lamp = 0  PAR transmission coefficient - 

αPAR_lamp = 1 − ρPAR_lamp − τPAR_lamp  PAR absorption coefficient - 
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10.7 EVAPO-TRANSPIRATION MODEL RELATED VARIABLES 
Symbol Description Unit 

LAI = 3  Leaf Area Index Surface [m2
{leaf} m-2

{floor}] - 

𝑐𝑎𝑝𝑙𝑒𝑎𝑓 = 1.2 ∗ 103  Heat capacity of a square meter canopy leaves W m-2 K-1 

capcan = LAI ∗ 𝑐𝑎𝑝𝑙𝑒𝑎𝑓 ∗ 𝐴𝑓𝑙𝑜𝑜𝑟  Thermal capacity of the canopy W K-1 

𝛼𝐿𝑒𝑎𝑓𝐴𝑖𝑟 = 5  Convective heat exchange coefficient from the canopy to the greenhouse air W m-2 K-1 

𝐼𝑑/𝑛 = 3  Radiation above the canopy when the night becomes day and vice versa W m-2 

𝐾𝐹𝐼𝑅 = 0.94  Extinction coefficient of the canopy for FIR - 

𝐾𝑁𝐼𝑅 = 0.27  Extinction coefficient of the canopy for NIR - 

𝐾𝑃𝐴𝑅 = 0.70  Extinction coefficient of the canopy for PAR - 

ρFIR_can = 0.00  FIR reflection coefficient - 

τFIR_can = 1 − ρFIR_can − αFIR_can  FIR transmission coefficient - 

αFIR_can = 1 ∗ (1 − 𝑒−𝐾𝐹𝐼𝑅∗𝐿𝐴𝐼)  FIR absorption / emission coefficient - 

ρNIR_can = 0.35  NIR reflection coefficient - 

τNIR_can = 1 − ρNIR_can − αNIR_can  NIR transmission coefficient - 

αNIR_can = 0.65 ∗ (1 − 𝑒−𝐾𝑁𝐼𝑅∗𝐿𝐴𝐼)  NIR absorption coefficient - 

ρPAR_can = 0.07  PAR reflection coefficient - 

τPAR_can = 1 − ρPAR_can − αPAR_can  PAR transmission coefficient - 

αPAR_can = 0.93 ∗ (1 − 𝑒−𝐾𝑃𝐴𝑅∗𝐿𝐴𝐼)  PAR absorption coefficient - 

10.8 OTHER VARIABLES 
Symbol Description Unit 

ℎ𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 = 10  Altitude of the greenhouse m (a.s.l) 
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Symbol Description Unit 

𝑃𝑜𝑢𝑡𝑑𝑜𝑜𝑟 = 100 ∗ �44331.514−ℎ𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛
11880.516

�
1/0.1902632

  Outdoor pressure 
source: http://psas.pdx.edu/RocketScience/PressureAltitude_Derived.pdf 

Pa 

𝛾 = 65.8  Psychometric constant Pa K-1 

𝐿𝐻 = 2.45 ∗ 106  Latent heat of evaporation for water J kg-1 

𝜎 = 5.670 ∗ 10−8  Stefan Boltzmann constant W m-2 K-4 

𝑇0 = 273.15  Temperature at 0°C K 

𝑅𝑔𝑎𝑠 = 8.314  Molar gas constant J mol-1 K-1 

𝜉 = 50  Slope used in the smoothing function - 

𝑔 = 9.81  Acceleration of gravity m s-2 

𝐿𝑒 = 0.89  Lewis number for water vapour in air - 

𝜂𝐹𝐼𝑅_𝑆𝑢𝑛𝑅𝑎𝑑 = 0.21  Ratio between FIR and outside global radiation - 

𝜂𝑁𝐼𝑅_𝑆𝑢𝑛𝑅𝑎𝑑 = 0.39  Ratio between NIR and outside global radiation - 

𝜂𝑃𝐴𝑅_𝑆𝑢𝑛𝑅𝑎𝑑 = 0.40  Ratio between PAR and outside global radiation - 

𝑐𝑝_𝑎𝑖𝑟 = 1.006 ∗ 103  Specific thermal capacity of air J kg-1 K-1 

𝑐𝑝_𝑠𝑡𝑒𝑒𝑙 = 0.64 ∗ 103  Specific thermal capacity of steel J kg-1 K-1 

𝑐𝑝_𝑤𝑎𝑡𝑒𝑟 = 4.18 ∗ 103  Specific thermal capacity of water J kg-1 K-1 

𝑀𝑀𝑎𝑖𝑟 = 28.96 ∗ 10−3  Molar mass of air kg mol-1 

𝑀𝑀𝑤𝑎𝑡𝑒𝑟 = 18.0 ∗ 10−3  Molar mass of water kg mol-1 

𝜌𝑎𝑖𝑟 = 1.185 ∗ exp �𝑔∗𝑀𝑀𝑎𝑖𝑟∗ℎ𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛
(𝑇0+20)∗𝑅𝑔𝑎𝑠

�  Density of air at 20°C kg m-3 

𝜌𝑠𝑡𝑒𝑒𝑙 = 7850  Density of steel kg m-3 

𝜌𝑤𝑎𝑡𝑒𝑟 = 1000  Density of water kg m-3 

 

http://psas.pdx.edu/RocketScience/PressureAltitude_Derived.pdf�
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