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a b s t r a c t

Greenhouse crop production systems are located throughout the world within a wide range of climatic
conditions. To achieve environmental conditions favorable for plant growth, greenhouses are designed
with various components, structural shapes, and numerous types of glazing materials. They are oper-
ated differently according to each condition. To improve the pedagogy and the understanding of the
complexity and dynamic behavior of greenhouse environments with different configurations, an inter-
active, dynamic greenhouse environment simulator was developed. The greenhouse environment model,
based on energy and mass balance principles, was implemented in a web-based interactive application
that allowed for the selection of the greenhouse design, weather conditions, and operational strategies.
The greenhouse environment simulator was designed to be used as an educational tool for demonstrat-
ing the physics of greenhouse systems and environmental control principles. Several scenarios were
simulated to demonstrate how a specific greenhouse design would respond environmentally for sev-

eral climate conditions (four seasons of four geographical locations), and to demonstrate what systems
would be required to achieve the desired environmental conditions. The greenhouse environment sim-
ulator produced realistic approximations of the dynamic behavior of greenhouse environments with
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. Introduction

Greenhouse production systems were originally implemented
n cold regions at northern latitudes in order to extend the
roduction season of plants, where usually they will not grow
ptimally. However, current controlled environment agriculture
CEA) industries operate in different climate regions throughout
he world, including semiarid and tropical regions. The spread
f CEA industries located at diverse climate conditions has been
riven by the increased demand for high quality and healthier

roducts in a year-round fashion, by the availability of efficient
ransportation systems, by the increased development of green-
ouse technologies, and by the accessibility of glazing and building
aterials. Proper design selection combined with these factors
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has made it feasible to economically implement greenhouse crop
production systems in a variety of climates (Enoch and Enoch,
1999).

To overcome the less optimal climate conditions and to fulfill
the specific environmental needs of various crops that supply mar-
ket demand, greenhouse designs vary in structural shape, size, and
glazing materials, and in the various types of equipment required
to achieve the desired environmental conditions. The main envi-
ronmental parameters controlled in a greenhouse include: (1)
air temperature, (2) air moisture content, (3) aerial carbon diox-
ide (CO2) concentration and (4) photosynthetic photon flux (PPF).
Greenhouses are designed and equipped with exhaust fans, or ven-
tilation openings that are large enough to provide outside air and
maintain the inside atmosphere temperature, humidity and CO2
concentration at the optimum levels. More efficient cooling meth-

ods, such as evaporative pads or fog systems may be provided in
warmer climates to reduce the inside air temperatures, in colder
climates, heating systems (hot air, root zone heating or hot water
pipes) may be utilized, and CO2 or light supplementation may be
required (von Zabeltitz, 1999).

http://www.sciencedirect.com/science/journal/01681699
http://www.elsevier.com/locate/compag
mailto:efitz@email.arizona.edu
dx.doi.org/10.1016/j.compag.2009.09.010
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The “optimum” environmental conditions have been heuristi-
ally determined and defined by growers and researchers through
any years of experimentation, and today these optimum con-

itions are successfully achieved by implementing crop-specific
lueprints for the manipulation of several actuators (exhaust fans,
entilation openings, shade curtains, heaters, boilers, water pumps,
tc.) with simple ON–OFF control to reach desired set-points.
owever, with the advancements of computer technologies it has
ecome possible to monitor and control several parameters, and
o implement more sophisticated control strategies that are based
n modern control theories. These control schemes depend on
athematical models, describing the dynamics of the coupled

rop-greenhouse system, to adjust set-points dynamically to opti-
ize crop growth for a given performance criterion (Seginer, 1993;

an Straten et al., 2000).
As summarized by von Zabeltitz (1999) several greenhouse

odels, based on energy and mass balance equations, have been
nvestigated in the past and they can be classified as static or
ynamic models. The more complex models are coupled with the
rop dynamics (e.g., Jones et al., 1988, 1990; Takakura et al., 1971),
nd they include several state variables describing the status of
he system over time. Some models address specific phenomena,
or example natural ventilation (e.g., Al-Helal, 1998; Boulard and
raoui, 1995; Boulard et al., 1999; Dayan et al., 2004; de Jong,
990), forced ventilation (e.g., Arbel et al., 2003; Willits, 2003),
vaporative cooling (e.g., Abdel-Ghany and Kozai, 2006; Baille et
l., 1994; Boulard and Baille, 1993; Boulard and Wang, 2000), or
eating systems (e.g., Bartzanas et al., 2005; Kempkes et al., 2000).

Newer research approaches for greenhouse climate control are
ased on an optimization principle, for example for reduced energy
e.g., Aaslyng et al., 2003; de Zwart, 1996; Körner, 2003), and
ater consumption (e.g., Blasco et al., 2007); for optimizing CO2
sage (e.g., Jones et al., 1989; Linker et al., 1998; Seginer et al.,
986), or humidity control (e.g., Daskalov et al., 2006; Jolliet, 1994;
orner and Challa, 2003; Stanghellini, 1992). Other climate con-

rol schemes implement different type of control criteria such
s economic-based optimal control (e.g., Tap, 2000; van Henten,
994), adaptive control (e.g., Udink ten Cate, 1983), multi-objective
ierarchical control (Ramirez-Arias, 2005), or nonlinear predictive
ontrol (e.g., El-Ghoumari, 2003). All these approaches offer the
dvantage of making efficient use of the resource in study, by max-
mizing the production return or minimizing the production cost,
ver the traditional greenhouse control strategies where the set-
oints are defined by the grower experience.

Greenhouse production systems have a complex dynamic
riven by external factors (weather), control mechanisms (ventila-
ion openings, exhaust fans, heaters, evaporative cooling systems,
tc.), and internal factors (crop and internal components). Thus
he more we understand the physics of the greenhouse environ-

ent, the better the greenhouse design and component selection
hat will improve the possibilities for success. Several efforts have
een completed to increase the understanding of greenhouse crop
roduction systems through the development of educational mate-
ials available on the Internet. Some of these efforts allow for
ccess to interactive digital media describing most of the U.S.
reenhouse industry (Tignor et al., 2005, 2006, 2007), to living lab-
ratories through web-based monitoring systems that enhanced
n asynchronous education by allowing students to monitor cur-
ent and historical conditions of experimental greenhouse crops
t different off-campus locations including one at the South Pole
Fitz-Rodriguez et al., 2003), to virtual labs with emphasis on con-

rol theory applied to greenhouse climate control (Guzmán et al.,
005b), or to a scale-down greenhouse model for remote test
ontrol strategies (Guzmán et al., 2005a). While the latter two inter-
ctive tools allow for remote access and control, they are tied to one
pecific greenhouse configuration design.
onics in Agriculture 70 (2010) 105–116

Several sophisticated and more complete greenhouse environ-
ment models currently exist, however they are too complicated
to be implemented into a generic model to predict the behavior
of a wide range of greenhouse designs and climate conditions.
The current simplified greenhouse environment model, based on
energy and mass balance equations follows the models proposed
by Takakura (1976), and Takakura and Fang (2002).

The objective of the current project was to investigate and
implement a dynamic greenhouse environment model describ-
ing the dynamic behavior of the greenhouse environment (inside
global radiation, air temperature, and air moisture content) during
a 28-h interval, which was applicable to different, user-selectable
greenhouse design configurations and geographic locations, yet
simple enough to be implemented in a web-based interactive
application for educational purposes. The greenhouse environ-
ment dynamics is a complex phenomenon. It is not the objective
of the current research to fully develop a model for detail and
accuracy, but to simulate realistic environmental responses for
educational purposes by demonstrating the fundamental dynamics
of the greenhouse environment.

2. Materials and methods

This project was developed as part of a multi-institutional
(The University of Vermont, University of Florida, The Ohio
State University, and The University of Arizona) collaborative
effort to develop web-based educational materials for worldwide
greenhouse education (http://www.uvm.edu/wge/). The project
included the development of: (1) digital videos describing the
greenhouse production systems at each location, (2) a searchable
repository of greenhouse educational materials including images,
videos and software, (3) a web-based student evaluation method
to determine the extent of learned greenhouse concepts, and (4)
a greenhouse environment simulator (Tignor et al., 2006, 2007).
The greenhouse environment simulator is a computer simulation
program based on a greenhouse environment mathematical model
and was programmed in ActionScript 2.0, and integrated into an
interactive interface developed in Flash MX (Flash MX Pro 2004,
Macromedia, San Francisco) (Fitz-Rodriguez, 2006). The compo-
nents of the simulation program included climate data, a database
of the greenhouse structure and hardware equipment features, and
the mathematical model representing the physics of the green-
house and crop environment.

2.1. Climate data

Climate data from the geographic locations representing each
of the four universities were used to provide the outside envi-
ronmental conditions as inputs to the simulations. Summarized
by von Zabeltitz (1999) the two climate parameters defining the
climate control strategies and crop production cycles are average
daily insolation, and average daily air temperature. These are docu-
mented for the four sites in Fig. 1. Although in all four locations the
limit of daily radiation (7.4 mol m−2 d−1) (3.6 MJ m−2 d−1) for effec-
tive production is exceeded, only Arizona and Florida have daily
radiations above the minimum required for feasible winter pro-
duction (17.1 mol m−2 d−1). Vermont and Ohio will require artificial
lighting for winter production. The daily average air temperature
(Tout24) defines the type of climate control required. In this way,
for the months of April through October when average air tem-

perature is between 12 and 22 ◦C natural ventilation is enough to
control the greenhouse environment for Vermont and Ohio. For
any other month when Tout24 < 12 ◦C a heating system is required.
In contrast, the average air temperatures in Florida are above the
threshold value (Tout24 > 22 ◦C) defined as the need for an artificial

http://www.uvm.edu/wge/
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and 120 air changes per hour (AC h−1). The ventilation rates for
ig. 1. Average photosynthetic photon flux (PPF) versus average daily air tempe
eteorology and Solar Energy: SolarSizer Data (http://eosweb.larc.nasa.gov/).

ooling system for most of the year. Arizona has the three situa-
ions, during the winter it requires heating, climate control only
ith natural ventilation is possible for several months, and during

he summer an artificial cooling system is required. All four sites
rovided a wide range of possibilities to simulate the greenhouse
nvironment during several production seasons.

.2. Greenhouse structure and components

Greenhouse structures are designed to overcome the adversi-
ies of external (wind, rain, snow, etc.) environmental factors, and
nternal (live and dead) loads, while maximizing the solar radia-
ion available for the crop. The greenhouse structural components
nd their geometry directly affect solar radiation transmission.
he shape and size of the three greenhouse structural designs
Fig. 2) used in the simulations include: (1) A-frame, (2) Arch-roof
nd (3) Quonset style, that are some of the most widely used in
mall production systems. The geometry of the greenhouse designs

mplemented in the simulations is indicated in Table 1. The length
f each was assumed as 30 m, while the widths were 10, 10 and 8,
espectively.

The glazing material used in the simulations included single
ayer (glass, polyethylene film, and polycarbonate) and double layer

able 1
imensions and properties of greenhouse designs used in the simulations.

Property A-frame Arch-roof Quonset

Length (m) 30 30 30
Width (m) 10 10 8
Gutter high (m) 4 4 –
Ridge high (m) 6.3 6.3 4
Afl (m2) 300 300 240
Agl (m2) 674 692 427
Volume (m3) 1546 1677 745
w ratio (Agl/Afl) 2.2 2.3 1.8
for every month of the year for each location. Data source from NASA Surface

(polyethylene film and polycarbonate) glazing. Their material prop-
erties are summarized in Table 2. Internal shade curtains were
optional in the simulator and included effective shading values of
30, 50, and 70% reduction of outside solar radiation in addition to
the reduction caused by the glazing material.

Although there are many types and sizes of heating systems in
greenhouses such as steam, hot water, hot air and infrared radia-
tion, only a hot air system was selectable. Heaters, with a capacity
of 75 kW each, could be included in the simulation with 1 or 2 or
none as possibilities.

The reduced air movement and air exchange within the green-
house, imposed by the glazing material, results in a greater air
temperature than outside. The greenhouse air temperature could
be reduced with either natural or forced ventilation as selected
by the user. Ventilation is a highly complex phenomenon and
it was not the objective of the current research to rigorously
model it. It was assumed that each simulated greenhouse envi-
ronment had a ventilation rate equivalent to 2, 10, 20, 30, 60
each greenhouse design are slightly different, because of the dif-
ferences in greenhouse volumes. Corresponding values are shown
in Table 3.

Table 2
Properties of the greenhouse glazing materials used in the simulations.

Layers Greenhouse glazing k-Valuea

(W m−2 ◦C−1)
Light
transmissivityb (%)

Single
Glass 6.2 90
Polyethylene 6.2 87
Polycarbonate 6.2 87

Double
Polyethylene 4.0 76
Polycarbonate 3.3 79

a Taken from ASAE (2003).
b Taken from Hanan (1998).

http://eosweb.larc.nasa.gov/
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Fig. 2. Structural designs implemented in the greenhouse environment simulator. A

Table 3
Ventilation rates (m3 m−2 s−1) implemented with the simulation for each green-
house structural design.

Air exchanges per hour (h−1) Ventilation rate (m3 m−2 s−1)

N A-frame Arch-roof Quonset

2 0.003 0.003 0.002
10 0.014 0.016 0.009
20 0.029 0.031 0.018
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30 0.043 0.047 0.026
60 0.086 0.093 0.052

120 0.172 0.187 0.105

.3. Mathematical model

The mathematical model described the state of the greenhouse
nvironment and consisted of a system of three first-order dif-
erential equations which were derived from energy and mass
alance principles. The parameters described by the state equations

nclude: (1) Tin, air temperature (◦C), (2) Win, absolute humidity
gwater kg−1

dry air) and (3) Tf, ground surface temperature (◦C).

.3.1. Energy balance equation
Energy balance equations can be derived under steady-state

onditions for the thermal interaction of each of the greenhouse

omponents. von Zabeltitz (1999) described the energy balance
quations of four interacting components (air, plants, floor and
oof) to define the resulting greenhouse environment. Fig. 3 con-
ains a depiction of the energy and mass fluxes of a ventilated

ig. 3. Energy and water vapor fluxes within the greenhouse which define the
nergy and mass balance equations. See Table of Nomenclature for definitions of
ach parameter and variable.
ll three designs have 30 m of length, and are singlespan. Units are in meters.

greenhouse. A simplified and augmented energy balance equation
to describe the greenhouse environment can be expressed as (ASAE,
2003):

QGRin + QHeater = QIV + QGlazing (1)

where QGRin is the global radiation absorbed within the greenhouse
(W m−2), QHeater is the thermal energy provided by the heating
system (W m−2), QIV is the energy exchange by infiltration and
ventilation (W m−2) and QGlazing is the heat loss through the glaz-
ing (W m−2). In the present project, we assumed that the net long
wave radiation emitted or stored by plants, structure and glazing
was negligible, as the magnitude of the radiation emitted by each of
these components is of the same order and they cancel each other.

The global radiation absorbed inside the greenhouse QGRin was
estimated with the following equation:

QGRin = �c · (1 − �g) · QGRout (2)

where �c is the solar radiation transmittance of the glazing material
(dimensionless), �g is the reflectance of the solar radiation on the
ground surface (dimensionless), and QGRout is the outside global
radiation (W m2).

The heat lost due to ventilation and infiltration (QIV) was com-
puted with the following equation:

QIV = L · E + qv · Cp · � · (Tin − Tout) (3)

The two components in the right side of Eq. (3) define the latent
and sensible heat losses, respectively, where L is the latent heat
of vaporization of water (J kg−1), E is the evapotranspiration rate
within the greenhouse (kg m−2 s−1), qv is the ventilation rate
(m3 m−2 s−1), Cp is the specific heat of moist air (J kg−1 K−1), � is
the specific mass of air (kgdry air m−3), and (Tin − Tout) defines the
air temperature difference, between inside and outside the green-
house, respectively.

The heat flux lost through the glazing (QGlazing) was calculated
with the following equation:

QGlazing = k · w · (Tin − Tout) (4)

where k is the overall heat transfer coefficient (W m−2 ◦C−1) and w
is a ratio (dimensionless) of the glazing (Agl) to ground (Afl) surfaces.

The thermal radiation provided by the heating system (hot air)
was defined by a constant function depending on the number of
heaters (NH) of predefined capacity (Hcap) and expressed per unit
ground surface (Afl) as

QHeater = NH
Hcap

Afl
(5)

2.3.2. Mass (water vapor) balance equation

For the mass balance of the air within the greenhouse it was

assumed that no condensation occurred on the inside surface of
the glazing, no evaporation resulted from the ground surface, and
that the only sources of water to the greenhouse aerial environ-
ment was introduced by the evaporative cooling system (EC) or by
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Table 4
Input and output parameters in the greenhouse environment model.

Primary
variables

Units Derived
variables

Units

Input

Time s
QGRout W m−2 Wout gwater kg−1

dry air

Tout
◦C Wsout gwater kg−1

dry air

RHout % VPDout kPa

QGRin W m−2
E. Fitz-Rodríguez et al. / Computers and

ranspiration from the plants (ET). The only water loss from the sys-
em was due to ventilation (EV). Then, the mass balance equation
as

C + ET = EV (6)

onsidering the two sources of water as one component
E = EC + ET), and expressing the water content within the green-
ouse air as absolute humidity (gwater kg−1

dry air), then the resulting
ass balance equation was

in · qv · � = Wout · qv · � + E (7)

here Win and Wout were the absolute humidity of the air
gwater kg−1

dry air), inside and outside the greenhouse, respectively,
nd E was the evapotranspiration (combined from plants and cool-
ng system) rate (kg m−2 s−1) within the greenhouse.

There are several evapotranspiration models for greenhouse
rops reported in the literature and most of them include factors
uch as vapor pressure deficit (VPD), leaf temperature and wind
peed. As described by Jolliet (1999), the factor that showed the
ighest correlation with transpiration was the inside solar radia-
ion. It was assumed that transpiration was a linear function of the
olar radiation within the greenhouse. The maximum transpira-
ion rate ET = 8.9 kg m−2 d−1 taken as a reference, corresponded to
ummer conditions in Tucson, AZ (Sabeh et al., 2006), as this was
he location with the highest average daily insolation (Fig. 1). Solar
adiation was normalized and integrated to the maximum ET of ref-
rence. Crop transpiration at 15 min intervals was calculated with
he following regressed equation:

T =
{

0.0003 · �c · QGRout + 0.0021 for large crop
0.00006 · �c · QGRout + 0.0004 for small crop
0 for no crop

(8)

onsidering the greenhouse environment (air enclosed by the
reenhouse glazing) as the control volume with homogeneous
roperties of air temperature and absolute humidity within its
ntire space, the system behavior could be described by the fol-
owing first-order differential equations (Takakura and Fang, 2002;
akakura and Son, 2004):

dTin

dt
= 1

Cp · � · H
(QGRin + QHeater − L · E − (Tin − Tout)

× (qv · Cp · � + w · k)) (9)

dWin

dt
= 1

H · �
· (E − (Win − Wout) · qv · �) (10)

dTf

dt
= 1

Cs · Z0
·
(

˛ · QGRin

1000
+ εf · �(εa · aT4

in − aT4
f ) + hs(Tin − Tf)

+ks(Tbl − Tf) · 2
Z0 + Z1

)
(11)

here Cp is the specific heat of air (J kg−1 K−1), H is the average
reenhouse height (m), and Tf is the temperature of the greenhouse
round (◦C). Other coefficient definitions and values can be found
n the Nomenclature section.

.3.3. Numerical solution
The model, consisting of a system of three first-order differential

quations (Eqs. (9)–(11)), was solved numerically using a classi-
al fourth-order Runge–Kutta method as described by Chapra and

anale (2002):

i+1 = yi + 1
6

(k1 + 2k2 + 2k3 + k4) (12)

1 = f (xi, yi) (13)
Output
Tin

◦C Wsin gwater kg−1
dry air

Win gwater kg−1
dry air

RHin %
Tf

◦C VPDin kPa

k2 = f
(

xi + 1
2

h, yi + 1
2

k1h
)

(14)

k3 = f
(

xi + 1
2

h, yi + 1
2

k2h
)

(15)

k4 = f (xi + h, yi + k3h) (16)

where yi is the set of state variables in the model and h is the time
step for evaluating the new yi+1 values for each equation. Data used
in the simulations were at 900 s intervals, and h is adjusted from 7
to 112 s values to accommodate for different simulation scenarios.
Data was interpolated to get intermediate values.

2.3.4. Initial conditions
The numerical solution of the differential equations of the green-

house model required a set of initial conditions for each of the state
variables, and for time t = 0, these were assumed to be Tin = Tout,
Win = Wout, and Tf = Tin, as provided within the climate data sets
from each geographic location. Other variables not time-dependent
were calculated directly. These variables included: (1) global radi-
ation inside the greenhouse (QGRin), which was a function of the
structure, glazing and/or shade curtains selected; (2) transpiration
from plants (ET), which was defined as a linear function of global
radiation; (3) evaporation (EC) from the cooling system, defined as
a constant function when a cooling control function was selected.
A set of input/output variables used in the simulation are listed in
Table 4.

2.3.5. Control functions
The resulting greenhouse environment for a specific scenario

depended not only on the external factors (climate), and the
response of the inside conditions, but also on the control strategies
implemented. Control strategies included reducing the greenhouse
air temperature by using shade curtains, by ventilation or by evap-
orative cooling, or increasing the air temperature with heaters or
by reducing the ventilation rate.

The simulation of the greenhouse environment was imple-
mented for two general scenarios: (1) uncontrolled, where initial
greenhouse configurations were selected and the control func-
tion of the actuators (shade curtains, ventilation, cooling system,
and heaters) were inactivated; (2) controlled, where set-points
for air temperature (TspD = 24 and TspN = 18 ◦C for day and night,
respectively) were implemented and the control function for each
component was defined with simple if-then rules to define the sta-
tus (ON or OFF) for each component. The values for each of the
control components for the ON and OFF conditions are listed on
Table 5. For the ON condition, there were three levels of shade,
five levels of ventilation, two levels of cooling, three levels of plant

sizes, and two levels of heating. All OFF conditions were zero,
except for Ventilation that was 2 AC h−1 representing infiltration
rate.

The control logic for the shade curtains was defined as if
QGRout > QGRsp, then shades ON, else OFF, where QGRsp, was the
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Table 5
Values for the ON-OFF condition for each of the control components for modifying
the greenhouse environment.

Component Units Status

ON OFF

Shade curtains Percent of Shades (%)
30

050
70

Ventilation rate
(Natural or Forced)

Air exchanges N = (h−1)

10

2
20
30
60

120

Cooling system Ec = (kg m−2 d−1)a 7.4
014.8
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effect added by small (PsE0) and large (PLE0) plants with no cooling
system, (2) the effect of the cooling system itself with no transpi-
ration from plants, working at 50% (P0E1) and at 100% (P0E2) of its
capacity, and (3) the combined effect of transpiration from large
plants and the evaporation from cooling systems (PLE1 and PLE2).

Table 6
Summary data for each of the simulated scenarios (shown in Fig. 5) including dif-
ferent ventilation rates. Data include average outside and simulated values of air
temperature, relative humidity, and daily PPF.

AZ FL OH VT

Outside
PPF (mol m−2 d−1) 66.3 53.3 46.8 54.4
aT (◦C) 24.3 25.3 20.5 24.9
RH (%) 19.4 73.6 61.0 51.9

N2
aT 32.6 34.8 28.3 32.8
RH 13.0 44.5 38.8 33.6

N10
aT 29.5 30.8 25.2 29.6
RH 14.6 54.4 46.0 39.9

N20
aT 27.6 28.8 23.6 27.8
RH 15.7 60.7 50.7 43.8

N30
aT 27.4 28.0 23.2 27.3
RH 15.7 63.2 51.5 45.0

N60
Heating System Hcap = (kW)
75

0150

a Values taken from Sabeh et al. (2006).

hreshold value for outside solar radiation, and was equal to
00 W m−2.

The greenhouse air temperature was controlled by ventilation,
vaporative cooling or by heating, depending whether the inside air
emperature was greater or less than the air temperature set-point.
or each case there were two conditions, depending on whether the
ir temperature was higher (Tin > Tsp) or lower (Tin < Tsp) than the
et-points. In each situation the corresponding logic values were
ssigned to activate or de-activate the ventilation, the evaporative
ooling or the heating systems accordingly.

. Results and discussion

The greenhouse environment model was implemented in an
nteractive online web-based application (http://ag.arizona.edu/
eac/wge/simulator/) that incorporated user-selected informa-
ion from a database of greenhouse designs, operations, and
eographic climate conditions, and which graphically displayed
ynamic changes in the greenhouse environment. This computer
imulation program allowed users to simulate changes in the
reenhouse–plant environment based on climate, structure, and
nvironmental control choices (Fig. 4).

The numerical solution provided a dynamic response of the
reenhouse climate to the outside climate conditions and for a par-
icular greenhouse design. The design incorporated user-selected
nputs for climate, structure, glazing, and environmental control
ystems. Each simulation demonstrated the response of a green-
ouse system design over a 28-h period.

For the amount of user-selectable choices provided by the
reenhouse environment simulator, there were 311,040 possible
cenarios that could be demonstrated. The following greenhouse
nvironment simulations were analyzed to show the potential of
he simulator as an educational tool for demonstrating the physics
f greenhouse systems and environmental control principles.

Although the results of the simulated scenarios were not vali-
ated with experimental measurements, they were verified with
he logical responses obtained with the control strategies and the
ystem implemented. As an educational tool the simulator allows
or many scenarios that could be compared side-by-side enhancing
he learning experience.

.1. Greenhouse environment simulation with ventilation
In Fig. 5 and Table 6 the results of several simulated venti-
ation and cooling scenarios are displayed, showing the effect of
educed air movement within a greenhouse. The environment of
n empty greenhouse (A-frame covered with glass) was simulated
onics in Agriculture 70 (2010) 105–116

for the summer conditions at each of the four locations, and for
different ventilation rates (for N = 2, 10, 20, 30, 60 and 120). The
largest air temperature condition occurred when there was no air
exchange (N = 2, air exchange due only to infiltration). Greenhouse
air temperatures reached a maximum of between 35 and 40 ◦C in
Columbus, OH, between 40 and 45 ◦C in Burlington, VT, and equal
to or higher than 50 ◦C in Tucson, AZ and Fort Pierce, FL. By increas-
ing the ventilation rate capacity, the greenhouse air temperature
was reduced to nearly the outside conditions, which was still unfa-
vorable (>35 ◦C) for growing plants. Therefore an artificial cooling
mechanism was needed during the summer season, to maintain
the desired greenhouse air temperature (24 and 18 ◦C for day and
night time, respectively).

3.2. Greenhouse environment simulation with evaporative
cooling

In the previous simulations it was demonstrated that artifi-
cial cooling, such as evaporative cooling system, was required to
decrease the greenhouse air temperature. The cooling effect of the
plant canopy on the greenhouse environment was not sufficient
in extremely hot environments, as demonstrated in the follow-
ing simulation scenarios. The sensible energy removed by plant
transpiration, or evaporated from the cooling system (evapora-
tive cooling pads, or fogging systems) into latent energy within the
greenhouse environment is different at different ventilation rates.
The cooling efficiency decreases at higher ventilation rates. Forty-
two scenarios were simulated for an A-frame greenhouse structure
covered with glass for spring season conditions in Tucson, AZ. In
Fig. 6 each of the lines represents a simulation scenario (with plants
size, P = 0, s, or L; evaporative cooling efficiency, E = 0, 1, or 2) at
different ventilation rates (corresponding to N = 2, 10, 20, 30, 60
and 120 h−1). The simulations scenarios include: (1) the cooling
aT 26.3 26.9 22.3 26.4
RH 16.7 67.3 54.3 47.5

N120
aT 25.5 26.2 21.8 25.8
RH 17.5 70.0 56.0 49.2

http://ag.arizona.edu/ceac/wge/simulator/
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perature conditions were provided with the scenarios S3 and S4 for
the time period of deployed shade curtains (QGRout > 800 W m−2),
after that S4 provided the best conditions (close to set-points) given
the higher capacity of the cooling system. However, at night time S4
resulted in a sub-optimal plant environment with a saturated water

Table 7
Summary data for each of the simulated scenarios (shown in Fig. 7) that included
the use of shade curtains. Data include average outside and simulated values.

Outside Simulated scenarios

S1 S2 S3 S4

PPF (mol m−2 d−1) 54.4 39.3 36.2 34.2 32.2
Fig. 4. Screen capture of the simulator after running a simulatio

he reference values for crop transpiration (ET = 8.9 L m−2 d−1) and
vaporation from cooling system (EC = 14.8 L m−2 d−1) for summer
onditions in Tucson, AZ were determined by Sabeh et al. (2006).

A data point, with the highest air temperature differential
�T = Tin − Tout) in a greenhouse with no ventilation and no evapo-
ranspiration, was taken as a reference in all simulations. This data
oint was used as a comparison of the air temperature differen-
ial drop when combining the cooling effect of plant transpiration,
vaporation from a cooling system, and different ventilation rates.
he reference point was taken at 13:15 h, when outside conditions
Tout = 33.7 ◦C, RHout = 7.4%, and QGRout = 1025 W m−2) provided the
reatest cooling needs of the day. To reach the air temperature
et-point (24 ◦C) it was required to have a �T = −9.7 ◦C which was
nly reached at simulated low ventilation rates (N = 2 and 10), with
aximum cooling efficiency and a large crop (PLE2). The simulated

cenario with a large crop and a deficient cooling system (PLE1) at
ost will reach outside conditions that are not suitable for grow-

ng crops. The simulated scenarios with no evaporative cooling and
ifferent crop sizes (PnE0, PsE1 and PnE2) produced a greenhouse
nvironment more extreme than the outside climate conditions.

.3. Greenhouse environment simulation with shade curtains

The previous simulation scenarios were useful to show that,
ven with a cooling system, the desired greenhouse environment
onditions may not be reached, especially during the hottest part
f the day. A well-established practice in the greenhouse indus-

ry is the use of internal/external shade curtains or exterior paints
o reduce the heat load during periods of excessive solar radia-
ion. Shade curtains have the advantage of being controllable and
eployed only when necessary. The following scenarios, which

nclude the use of shade curtains, were simulated in an Arch-roof
e greenhouse environment for winter conditions in Tucson, AZ.

greenhouse design covered with a single layer of polyethylene film
for summer conditions in Burlington, VT. The state variables (QGRin,
Tin, Tf, RHin, Win, and VPDin) resulting from the simulated scenarios
are shown in Fig. 7 and summarized in Table 7. The simulation sce-
narios included the following combinations: S1 (SH = 0, P = 0, E = 0
and N = 2), S2 (SH = 30, P = L, E = 1, and N = 30), S3 (SH = 50, P = L, E = 1,
and N = 20), and S4 (SH = 70, P = L, E = 2 and N = 20); where SH refers
to the % of shade produced by the shade curtains selected, P refers
to the plant size within the greenhouse (0 implies no plants and L is
a large crop), E represents the evaporative cooling system capacity
(0 = no cooling system, 1 = 50 % and 2 = 100% of cooling capacity),
and N represents the ventilation rates expressed as air exchanges
per hour. The effect of the shade curtains is visible on the solar radi-
ation inside the greenhouse for the period of time when the curtains
are deployed. During the daylight time the best greenhouse air tem-
aT (◦C) 24.9 33.4 24.4 23.4 21.0
RH (%) 51.9 32.7 60.0 65.3 79.8
W (gwater kg−1

dry air
) 9.9 9.9 11.3 11.7 12.6

VPD (kPa) 1.7 3.9 1.3 1.1 0.5
Tf (◦C) 19.2 17.9 17.7 17.4
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Fig. 5. Results of the greenhouse air temperature (Tin) simulation in a 28-h period for an A-frame structure covered with glass for each location (Tucson, AZ; Fort Pierce, FL;
Columbus, OH; Burlington, VT) during summer conditions. No plants and no cooling system are included. Results include the effect of different ventilations rates (N10, N20,
N30, N60 and N120), with a control function through the simulation period. Tout is the air temperature outside the greenhouse and N represent the air changes (AC h−1). N2
is the air exchanges due to infiltration. Summary data can be found in Table 6.

Fig. 6. Simulation results of an A-frame structure covered with glass and located in Tucson, AZ. Data points represent the air temperature differential (Tin − Tout) dur-
ing the hottest part of the day for spring conditions at different ventilation rates and different scenarios. Outside climate conditions are Tout = 33.7 ◦C, RHout = 7.4%, and
QGRout = 1025 W m−2. Simulation scenarios include no plants (Pn), small plants (Ps), large plants (PL), in combination with three evaporative cooling capacities, at 0, 50 and
100% (E0, E1, and E2, respectively).
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Fig. 7. Results of the greenhouse environment simulation of an Arch-roof structure covered with a single layer polyethylene film for summer conditions in Burlington, VT.
Plots include values of the outside conditions and the results for each of the state variables at four different scenarios during a 28-h interval. Simulation scenarios include S1
(SH = 0, P = 0, E = 0 and N = 2), S2 (SH = 30, P = L, E = 1 and N = 30), S3 (SH = 50, P = L, E = 1 and N = 20), and S4 (SH = 70, P = L, E = 2 and N = 20), where SH refers to the % of shade
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roduced by the shade clothes selected, P refers to the plant size within the greenho
apacity (0 = no cooling system, 1 = 50% and 2 = 100% of cooling capacity), and N rep
ound in Table 7.

apor environment due to the cooling system, which followed air
emperature set-point.

.4. Greenhouse environment simulation with heating

As shown in Fig. 1, three (VT, OH and AZ) of the four locations
elected for simulations require supplementation of heat for some
art of the year to maintain the chosen set-point. This occurs when
he average daily air temperature drops below 12 ◦C. The simu-
ation scenarios using a heating system were implemented in an
-frame structure covered with a single layer tempered glass for
inter conditions in Columbus, OH. Fig. 8 includes outside climate

onditions and the results for each of the greenhouse state vari-
bles at four different scenarios for three heating capacities, during
28-h interval. Simulation scenarios include S1 (P = 0, N = 2 and H0),

2 (P = L, N = 2 and H0), S3 (P = L, N = 2 and H1), and S4 (P = L, N = 2
nd H2). Where, H refers to the number of heating units selected
a single unit heater capacity was predefined as 75 kW). Under the
xtreme low temperatures, crop production during this season may
ot be economically feasible. Scenario S1 shows the increased air
implies no plants and L is a large crop), E represents the evaporative cooling system
ts the ventilation rates expressed as air exchanges per hour. Summary data can be

temperature during daytime resulting from the solar heat load and
the reduced ventilation rate (N2). However, air temperatures were
below freezing (−4 ◦C) during the daytime and even lower during
the night time. Simulation scenario S2 implemented the same cli-
mate control mechanisms (N2 and H0), but now plants are included.
Due to transpiration, the air temperature dropped 2 ◦C below the
air temperature of the previous scenario, but now the greenhouse
air reached saturation (RH = 100%) during the daytime when plants
transpired more water due to solar radiation. Although air temper-
ature was below freezing it was assumed plants were still alive and
transpiring. Simulation scenario S3 included a heater (H1 = 75 kW)
and the simulated greenhouse air temperature was above 0 ◦C, but
did not reach the daytime and night time set-points. Due to the
increased air temperature the air was saturated only a small portion
during the daytime. Simulation scenario S4 included two heaters

(H2 = 2 × 75 = 150 kW) and the simulated greenhouse air temper-
atures were close to the set-points. The increased water holding
capacity of the greenhouse air at the simulated air temperatures
resulted in no saturation and the RH was less than 50%. Results are
also summarized in Table 8.
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Fig. 8. Results of the greenhouse environment simulation of an A-frame structure covered with a single layer tempered glass for winter conditions in Columbus, OH. Plots
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nclude values of the outside conditions and the results for each of the state variabl
imulation scenarios include S1 (P = 0, N = 2 and H0), S2 (P = L, N = 2 and H0), S3 (P = L
0 implies no plants and L is a large crop), N represents the ventilation rates express
s predefined at 75 kW). Summary data can be found in Table 8.

.5. Limitations of the model

The numerical solution of the system of equations of the model
epended on the initial condition imposed. In all cases the initial
onditions were selected equal to the outside conditions. This was
eflected on the lag response at the beginning of the simulation
n each of the state variables. Several time step (h) values in the
umerical implementation were predefined, however they do not

erform well in all possible scenarios.

Input data to the simulator were established at 15 min intervals.
owever, for control purposes this was not an appropriate choice

ince the actuators response and operation required time intervals
f a few seconds. This resulted in overshooting and undershooting

able 8
ummary data for each of the simulation scenarios (shown in Fig. 8) that included
he use of heating systems. Data include average outside and simulated values.

Outside Simulated scenarios

S1 S2 S3 S4

PPF (mol m−2 d−1) 18.2 14.3 14.3 14.3 14.3
aT (◦C) −9.5 −8.4 −8.9 3.6 16.1
RH (%) 74.3 68.3 84.1 42.3 18.8
W (gwater kg−1

dry air
) 1.3 1.3 1.6 2.3 2.3

VPD (kPa) 0.073 0.107 0.041 0.438 1.500
Tf (◦C) −9.5 −9.6 −9.7 −8.0 −6.3
our different scenarios considering three heating capacities, during a 28-h interval.
and H1), and S4 (P = L, N = 2 and H2). P refers to the plant size within the greenhouse
ir exchanges, and H refers to the number of heating units selected (heater capacity

on the state responses. Also, the control functions for ventilation
and cooling were not staged and they operated at the maximum
capacity in the ON position and to the minimum capacity in the
OFF position.

4. Conclusion

The greenhouse environment simulator is a computer simu-
lation program designed to be used as an educational tool for
demonstrating the physics of greenhouse systems and environ-
mental control principles. Given the amount of choices available
through the animated user interface of the simulator, a large num-
ber (311,040) of possible scenarios can be replicated, making the
simulation program helpful as an educational tool for demon-
stration purposes. We used the simulator to demonstrate how a
greenhouse design could function for several climate conditions
(for four seasons of four different locations), and the simulator
also indicated what systems may be needed to achieve the desired
environment conditions.

The simplified greenhouse environment model produced good

approximations of the dynamic behavior of greenhouse environ-
ments with different configurations for 28-h simulation periods.
The model also was incorporated into a web-based application
where the simulation scenarios could be replicated without expen-
sive simulation software.
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omenclature

Symbol Value Units Description

Afl m2 Area of the greenhouse floor surface
Agl m2 Area of the glazing surface
aTf K Absolute temperature of the ground

surface inside the greenhouse
aTin K Absolute air temperature inside the

greenhouse
Cp 1010 J kg−1 K−1 Specific heat of moist air
Cs 2000 kJ m−3 ◦C−1 Heat capacity of the soil
E kg m−2 s−1 Evapotranspiration rate inside the

greenhouse
H m Average greenhouse height
h – Time step in the numerical solution
Hcap – Heater capacity
hs 25.2 kJ m−2 ◦C−1 h−1 Heat transfer coefficient at soil surface
k J m−2 ◦C−1 s−1 Heat transmission coefficient of glazing
ks 5.5 kJ m−1 ◦C−1 h−1 Thermal conductivity of the soil
L 2.5E6 J kg−1 Latent heat of vaporization of water
NH – Number of heaters
QGlazing W m−2 Heat loss through glazing
QGRin W m−2 Global radiation absorbed inside the

greenhouse
QGround W m−2 Heat flux from ground surface
QGRout W m−2 Global radiation outside the

greenhouse
QGRsp 800 W m−2 Set-point for shade curtain activation
QHeater W m−2 Heat flux from heating system
QIV W m−2 Heat loss by infiltration and ventilation
qv m3 m−2 s−1 Ventilation rate
RHin % Relative humidity inside the

greenhouse
RHout % Relative humidity outside the

greenhouse
Tbl

◦C Constant temperature at boundary
layer, at 0.15 m

Tf
◦C Ground surface temperature inside the

greenhouse
Tin

◦C Air temperature inside the greenhouse
Tout

◦C Air temperature outside the
greenhouse

Tout24
◦C Daily average air temperature

VPDin kPa Vapor pressure deficit inside the
greenhouse

VPDout kPa Vapor pressure deficit outside the
greenhouse

w – Ratio of glazing surface to floor surface
Win gwater kg−1

dry air Absolute humidity inside the
greenhouse

Wout gwater kg−1
dry air Absolute humidity outside the

greenhouse
WSin gwater kg−1

dry air Absolute humidity at saturation inside
the greenhouse

WSout gwater kg−1
dry air Absolute humidity at saturation

outside the greenhouse
Z0 0.05 m Soil depth of layer 0
Z1 0.10 m Soil depth of layer 1
˛ 70 % Soil surface absorptivity
εa 75 % Emissivity of air Layer
εf 95 % Soil surface emissivity
� 1.2 kg dry air m−3 Specific mass of air
�g 0.5 – Reflectance of the solar radiation on

the ground
� 5.67E-8 W m−2 K−4 Stefan-Boltzmann Constant
�c – Transmittance of the glazing material

cknowledgements

This research was funded by a U.S. Department of Agricul-

ure Cooperative State Research, Education, and Extension Service
igher Education Challenge Grant. We gratefully acknowledge
arcela Pineros, Andrew Laing, and David Heleba for graphic

esign and technical assistance. UA-CEAC Paper No. D-125933-01-
9 supported by State of Arizona CEAC funds.
onics in Agriculture 70 (2010) 105–116 115

References

Aaslyng, J.M., Lund, J.B., Ehler, N., Rosenqvist, E., 2003. IntelliGrow: a greenhouse
component-based climate control system. Environmental Modelling & Software
18 (7), 657–666.

Abdel-Ghany, A.M., Kozai, T., 2006. Dynamic modeling of the environment in a natu-
rally ventilated, fog-cooled greenhouse. Renewable Energy 31 (10), 1521–1539.

Al-Helal, I.M., 1998. A computational fluid dynamics study of natural ventilation in
arid region greenhouses. Ph.D. Thesis. The Ohio State University, Columbus, OH,
186 pp.

Arbel, A., Barak, M., Shklyar, A., 2003. Combination of forced ventilation and fog-
ging systems for cooling greenhouses. Biosystems Engineering 84 (1), 45–
55.

ASAE, 2003. Heating, Ventilating and Cooling Greenhouses. ANSI/ASAE Standard
EP406.4, pp. 741–749.

Baille, M., Baille, A., Laury, J.C., 1994. A simplified model for predicting evapotranspi-
ration rate of nine ornamental species vs. climate factors and leaf area. Scientia
Horticulturae 59 (3–4), 217–232.

Bartzanas, T., Tchamitchian, M., Kittas, C., 2005. Influence of the heating method on
greenhouse microclimate and energy consumption. Biosystems Engineering 91
(4), 487–499.

Blasco, X., Martinez, M., Herrero, J.M., Ramos, C., Sanchis, J., 2007. Model-based
predictive control of greenhouse climate for reducing energy and water con-
sumption. Computers and Electronics in Agriculture 55 (1), 49–70.

Boulard, T., Baille, A., 1993. A simple greenhouse climate control model incorpo-
rating effects of ventilation and evaporative cooling. Agricultural and Forest
Meteorology 65 (3–4), 145–157.

Boulard, T., Draoui, B., 1995. Natural ventilation of a greenhouse with continuous
roof vents: measurements and data analysis. Journal of Agricultural Engineering
Research 61 (1), 27–36.

Boulard, T., Haxaire, R., Lamrani, M.A., Roy, J.C., Jaffrin, A., 1999. Characterization
and modelling of the air fluxes induced by natural ventilation in a greenhouse.
Journal of Agricultural Engineering Research 74 (2), 135–144.

Boulard, T., Wang, S., 2000. Greenhouse crop transpiration simulation from external
climate conditions. Agricultural and Forest Meteorology 100 (1), 25–34.

Chapra, S.C., Canale, R.P., 2002. Numerical Methods for Engineers: With Software
and Programming Applications. McGraw-Hill, 926 pp.

Daskalov, P.I., Arvanitis, K.G., Pasgianos, G.D., Sigrimis, N.A., 2006. Non-linear
adaptive temperature and humidity control in animal buildings. Biosystems
Engineering 93 (1), 1–24.

Dayan, J., Dayan, E., Strassberg, Y., Presnov, E., 2004. Simulation and control of venti-
lation rates in greenhouses. Mathematics and Computers in Simulation 65 (1–2),
3–17.

de Jong, T., 1990. Natural ventilation of large multi-span greenhouses. Ph.D. Thesis.
Wageningen Agricultural University, Wageningen, 116 pp.

de Zwart, H.F., 1996. Analyzing energy-saving options in greenhouse cultivation
using simulation model. Ph.D. Thesis. Wageningen Agricultural University,
Wageningen, 236 pp.

El-Ghoumari, M.Y., 2003. Optimización de la producción de un invernadero medi-
ante control predictivo no lineal. Ph.D. Thesis. Universidad Autónoma de
Barcelona, Barcelona, 172 pp.

Enoch, H.Z., Enoch, Y., 1999. The history and geography of the greenhouse. In: Stan-
hill, G., Zvi Enoch, H. (Eds.), Greenhouse Ecosystems 20. Ecosystems of the World.
Elsevier, pp. 1–15.

Fitz-Rodriguez, E., 2006. Greenhouse Environment Simulator 1.0: User’s Manual.
Fitz-Rodriguez, E., Kubota, C., Pagliarulo, C., Giacomelli, G., 2003. Asynchronous

education in controlled environment agriculture. In: Richards, G. (Ed.), World
Conference on E-Learning in Corporate, Government, Healthcare, and Higher
Education 2003. AACE, Phoenix, AZ, USA, pp. 72–75.

Guzmán, J.L., Berenguel, M., Rodríguez, F., Dormido, S., 2005a. Web-based remote
control laboratory using a greenhouse scale model. Computer Applications in
Engineering Education 13 (2), 111–124.

Guzmán, J.L., Rodríguez, F., Berenguel, M., Dormido, S., 2005b. Virtual lab for teaching
greenhouse climate control. In: 16th IFAC World Congress, IFAC, Prague, Czech
Republic.

Hanan, J.J., 1998. Greenhouses: advanced technology for protected horticulture. CRC
Press, Boca Raton, FL, pp. 720.

Jolliet, O., 1994. HORTITRANS, a model for predicting and optimizing humidity and
transpiration in greenhouses. J. Agric. Eng. Res. 57, 23–37.

Jolliet, O., 1999. Water cycle. In: Zvi Enoch, H. (Ed.), Greenhouse Ecosystems 20.
Ecosystems of the World. Elsevier, pp. 303–326.

Jones, J.W., Dayan, E., Jones, P., Hwang, Y., Jacobson, B.K., 1988. Modeling tomato
growth for greenhouse environment control. Paper No. 88-7501 presented to
the International Winter Meeting of the ASAE, Chicago, IL.

Jones, J.W., Dayan, E., van Keulen, H., Challa, H., 1989. Modeling tomato growth for
optimizating greenhouse temperatures and carbon dioxide concentrations. Acta
Horticulturae (ISHS) 248, 285–294.

Jones, P., Jones, J.W., Hwang, Y., 1990. Simulation for determining greenhouse tem-
perature setpoints. Transactions of the ASAE 33 (5), 1722–1728.

Kempkes, F.L.K., Van de Braak, N.J., Bakker, J.C., 2000. Effect of heating system posi-

tion on vertical distribution of crop temperature and transpiration in greenhouse
tomatoes. Journal of Agricultural Engineering Research 75 (1), 57–64.

Körner, O., 2003. Crop based climate regimes for energy saving in greenhouse cul-
tivation. Ph.D. Thesis. Wageningen Agricultural University, Wageningen, 240
pp.



1 Electr

K

L

R

S

S

S

S

T

T

T

T

16 E. Fitz-Rodríguez et al. / Computers and

orner, O., Challa, H., 2003. Process-based humidity control regime for greenhouse
crops. Computers and Electronics in Agriculture 39 (3), 173–192.

inker, R., Seginer, I., Gutman, P.O., 1998. Optimal CO2 control in a greenhouse mod-
eled with neural networks. Computers and Electronics in Agriculture 19 (3),
289–310.

amirez-Arias, A., 2005. Control jerárquico multiobjetivo de crecimiento de cultivos
bajo invernadero. Ph.D. Thesis. Universidad de Almería, 222 pp.

abeh, N.C., Giacomelli, G.A., Kubota, C., 2006. Water use for pad and fan evaporative
cooling of a greenhouse in a semi-arid climate. Acta Horticulturae (ISHS) 719,
409–416.

eginer, I., 1993. Crop models in greenhouse climate control. Acta Horticulturae 328,
79–98.

eginer, I., Angel, A., Kantz, D., 1986. Optimal CO2 enrichment strategy for green-
houses: a simulation study. Journal of Agricultural Engineering Research 34 (4),
285–304.

tanghellini, van Meurs, C.W.T.m., 1992. Environmental control of greenhouse crop
transpiration. Journal of Agricultural Engineering Research 51, 297–311.

akakura, T., 1976. Development of VETH chart using computer. Technical report on
design standards of greenhouse environmental control systems. University of
Tokyo, pp. 96–97.

akakura, T., Fang, W., 2002. Climate Under Cover. Kluwer Academic Publishers, 190

pp.

akakura, T., Jordan, K.A., Boyd, L.L., 1971. Dynamic simulation of plant growth
and environment in the greenhouse. Transactions of the ASAE 14 (5), 964–
971.

akakura, T., Son, J.E., 2004. Simulation of Biological and Environmental Processes.
Kyushu University Press, 139 pp.
onics in Agriculture 70 (2010) 105–116

Tap, F., 2000. Economics-based optimal control of greenhouse tomato crop pro-
duction. Ph.D. Thesis. Wageningen Agricultural University, Wageningen, 127
pp.

Tignor, M.E., Wilson, S.B., Hightower, L., Fitz, E., Giacomelli, G.A., Kubota, C., Rhoades,
E.B., Irani, T.A., McMahon, M.J., Laing, A., Heleba, D., Greenleaf, S., 2005. Inte-
grating video, interactive animations, images, and assessment towards an
expandable instructor resource. HortScience 40, 1044.

Tignor, M.E., Giacomelli, G.A., Wilson, S.B., Kubota, C., Fitz-Rodriguez, E., Irani, T.A.,
Rhoades, E.B., McMahon, M.J., 2006. Development of a web-based multi-media
resource for environmental control modeling and greenhouse education. Acta
Horticulturae 719, 303–310.

Tignor, M.E., Wilson, S.B., Giacomelli, G.A., Kubota, C., Fitz-Rodriguez, E., Irani, T.A.,
Rhoades, E.B., McMahon, M.J., 2007. Multi-institutional cooperation to develop
digital media for interactive greenhouse education. Horticulture Technology 17,
297–399.

Udink ten Cate, A.J., 1983. Modeling and (adaptive) control of greenhouse climates.
Ph.D. Thesis. Wageningen Agricultural University, Wageningen, 159 pp.

van Henten, E.J., 1994. Greenhouse climate management: an optimal control
approach. Ph.D. Thesis. Wageningen Agricultural University, Wageningen, 329
pp.

van Straten, G., Challa, H., Buwalda, F., 2000. Towards user accepted optimal con-

trol of greenhouse climate. Computers and Electronics in Agriculture 26 (3),
221–238.

von Zabeltitz, C., 1999. Greenhouse structures. In: Zvi Enoch, H. (Ed.), Greenhouse
Ecosystems 20. Ecosystems of the World. Elsevier, pp. 17–69.

Willits, D.H., 2003. Cooling fan-ventilated greenhouses: a modelling study. Biosys-
tems Engineering 84 (3), 315–329.


	Dynamic modeling and simulation of greenhouse environments under several scenarios: A web-based application
	Introduction
	Materials and methods
	Climate data
	Greenhouse structure and components
	Mathematical model
	Energy balance equation
	Mass (water vapor) balance equation
	Numerical solution
	Initial conditions
	Control functions


	Results and discussion
	Greenhouse environment simulation with ventilation
	Greenhouse environment simulation with evaporative cooling
	Greenhouse environment simulation with shade curtains
	Greenhouse environment simulation with heating
	Limitations of the model

	Conclusion
	Nomenclature
	Acknowledgements
	References


