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Abstract: The increase in ambient temperature decreases crop yields. Therefore, greenhouse cooling
techniques can be considered adaptation strategies to climate change. To improve the efficiency of
crop production, semi-closed greenhouses are utilized, which reduce the mass and energy transfer
from the greenhouse. Frequently, these types of structures include an evaporative panel and a
distribution system through perforated inflated ducts. To further improve the management of this
type of installation, the present work models its behavior. The proper functioning of these installations
greatly depends on temperature, as well as the relative humidity of the exterior air. The results show
how the exterior climate conditions affect the values of temperature and relative humidity inside
the greenhouse due to its effect on the value of evaporative cooling. The cooling capacity of the air
per unit mass of evaporated water is reduced when the temperature and/or humidity of the air to
be treated in the evaporative panel increases. Thus, when the exterior air is at 40 ◦C and its relative
humidity is 75%, its temperature after passing through the evaporative panel is 15 ◦C higher than
when the initial state of the exterior air is 30 ◦C and 30%. The effect of the use of frequency drivers in
the fans on energy consumption has also been evaluated. A reduction of 8% in the frequency value
causes a 22% decrease in the power consumed and a 15% pressure drop in the circuit. Therefore,
reducing the frequency of electrical energy can contribute to energy savings without affecting the
climate inside the greenhouse.

Keywords: energy savings; extreme weather conditions; semi-closed greenhouses; sustainability of
agricultural production

1. Introduction

Extreme weather conditions, the reduction in the quantity and quality of available
resources, and the increased cost of raw materials threaten the sustainability of agricultural
production and the resilience of agro-food companies [1]. Therefore, the addition of
technology to improve the resilience of the agro-food sector has gained importance as
never before. Greenhouses are used to mitigate harsh weather conditions and to allow
out-of-season production [2,3]. In the main agricultural production areas, producers of
specific crops choose harvesting schedules that allow them to reduce competition with
other growers and areas, thus improving the economic results of their farms [4,5]. Thus, for
example, in some areas in the Mediterranean region, it is common to plant in greenhouses
in the summer months to avoid the high temperatures due to the humid weather and
the ventilation with the exterior. However, in extreme weather conditions, with a high
temperature and low relative humidity, it is indispensable to decouple the climate inside
the greenhouse from the climate outside through a reduction in ventilation and the use of
evaporative cooling techniques [6,7].
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In addition, to improve the sustainability of agricultural production, it is necessary to
develop techniques that favor energy savings and reduce emissions. Semi-closed green-
houses allow reducing energy losses due to a decrease in ventilation from the exterior
environment [8–10]. In a theoretical study in Almeria, the climate, production, and effi-
ciency with respect to the use of resources in a semi-closed greenhouse were analyzed [11].
The results indicated that this type of technology could be profitable thanks to the savings
in resources (mainly water and power) and an increase in crop quality and yield. These
types of buildings have a side aisle for air treatment installations, such as refrigeration,
heating, de-humidification, and/or carbon enrichment, to improve the management of the
crop and increase, quality and yield [12–14]. Other benefits of semi-closed greenhouses
could be a reduction in water consumption—due to the decreased transfer of water vapor
towards the exterior environment via ventilation—and the decreased use of pesticides as a
result of limiting the entrance of insects and the transmission of diseases [15]. Among the
lines of improvement in the design of semi-closed greenhouses, the reduction in energy
consumption in the distribution of air is underlined [16], as well as the development of
refrigeration installations in greenhouses that are efficient in different climates, such as
those found in continental, Mediterranean, tropical, and desert environments [17].

Evaporative cooling installations are most efficient in warm and arid climates [18,19].
Among them, we find fan pad and fogging systems. The fan pad system allows for a greater
reduction in temperature, given its better air saturation efficiency, although the homogene-
ity of temperature distribution is lower [20,21]. Its refrigeration potential is limited by
the humidity of the exterior air [18]. Ref. [22] assessed an evaporative cooling installation
equipped with a lateral pre-chamber and a system of air distribution via perforated inflat-
able ducts in a greenhouse located in Almeria. Among the double cropping lines, a duct
was installed for the distribution of refrigerated air. The experiment was performed during
the month of August in Almeria, Spain. The results showed a homogenous reduction in the
greenhouse temperature and the considerable effect of the exterior climate on the efficiency
of the system. In this type of installation, fans are very important components, given that
they play two roles. The fans modulate evaporative cooling; the efficiency of the process
decreases as the air speed increases as the air passes through the fan pad. Moreover, they
regulate the distribution and cooling of the air inside the greenhouse. In order to minimize
the increase in temperature of the air pushed by the ducts due to the transfer of energy
from the fans, excessive speeds are not recommended. The value of evaporative efficiency
is a function of the characteristics of the installation, the crop, and the initial state of the air
(outside the greenhouse), decreasing with the increase in the speed of the air in the panel. In
environmental conditions of 39 ◦C temperature and 15% relative humidity, the evaporation
efficiency was reduced from 85 to 73.5% by increasing the ventilation flow rate per m2

floor area from 61 to 284 m3 m−2 h−1. On the other hand, the air temperature difference
between the panel and the fan decreases with increasing speed from 6.8 ◦C for a ventilation
flow rate per m2 floor area of 61 m3 m−2 h−1 to 2 ◦C for 284 m3 m−2 h−1, but there is
no significant decrease beyond 180 m3 m−2 h−1 [23–26]. It must also be considered that
fans are the pieces of equipment that consume most of the energy needed by the cooling
system. Similar installations are used to improve the energy efficiency of air conditioning
equipment. In them, the air that passes through the condenser is previously circulated
through an evaporative panel using a single fan [23,24].

To know and improve the functioning of the evaporative cooling system with a pre-
chamber and distribution of air through perforated inflatable ducts, in the present work, the
installation experimentally evaluated by [22] will be modeled. Extreme climate conditions
were utilized, typically found in summer in warm areas and with different values of
ambient humidity. Also, the air distribution system was modeled, and the use of a variable
frequency drive, as a power savings feature, was simulated to determine its effect on the
efficiency of the system. The main contribution of this work is to quantify the effect of the
state of the exterior air on the climate inside a greenhouse with a fan pad system and air
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distribution through perforated inflatable ducts. In addition, energy savings are estimated
by installing frequency drives in the fans.

The article has been structured into five chapters, including an introduction that
includes a review of the state of the art, and the proposal from this study (above). The
materials and methods section describes the installation used, the procedure proposed for
its dimensioning and the conditions used in this study. The results and discussion section
discusses the dimensioning of the installation, the temperature of the air treated in the
fan pad, the specific consumption of water, the evaporative performance, the temperature
inside the greenhouse and the effect of a variable frequency drive in the fan, on energy
consumption and the climate inside the greenhouse. The conclusions section presents our
results, and a list of the bibliographical references is cited.

2. Materials and Methods

The installation described in [22] was utilized. This is a pepper greenhouse with an
area of 360 m2, composed of two modules measuring 8.0 × 22.5 m2, with a gothic style
roof, with a height at the channel of 4.0 m, and 5.5 m at the ridge. The cultivation was
performed on sand in six paired rows 17 m in length. The separation between the rows was
1.60 m, and 0.75 m inside the row (Figure 1). The greenhouse is located in Almeria, Spain
(36◦54′19′′ N 2◦21′29′′ W). The cooling system was sized depending on the climate in the
area, and the characteristics of the greenhouse and crop, considering the recommendations
found in the literature on the state of the art [24,27].
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Figure 1. (A) Image of the interior of the greenhouse with the inflatable tubes perforated between the
crop rows; (B) Diagram of the refrigeration installation with the pad, the pre-chamber, the fans and
the ducts inside the greenhouse.



Agronomy 2024, 14, 1187 4 of 22

The analysis of the cooling process allows us to obtain a value for the temperature
and relative humidity of the air after passing through the fan pad (XT,p and Xω,p). The
optimal flow rate of the installation is what is necessary to guarantee its correct operation.
The optimum point of functioning of the installation was determined, defined by the
flow rate and pressure values needed to circulate the air through the fan pad and the
distribution system. The nominal flow rate of the fan corresponds to the highest value of its
performance. It is necessary to choose a commercial fan with nominal conditions (flow rate
and pressure loss corresponding to the maximum value of its performance) that are the
most similar to the optimum functioning of the installation. The operational flow rate of the
fan is the actual operating value. It must be as close as possible to the values of the optimal
flow rate of the installation and the nominal flow rate of the fan. The operational flow rate
and pressure of the fan were determined, and the energy provided by the air through this
propulsion system was considered in order to estimate the temperature of the air in the
distribution system. Next, the temperature and relative humidity inside the greenhouse
were obtained and compared with the set-point value to establish the technical viability of
the installation (Figure 2). Lastly, the effect of the use of a variable frequency drive on the
reduction in the consumption of energy of the air propulsion system was assessed.
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Figure 2. Operation diagram of the fan pad and air distribution system. After setting the climate
threshold in the greenhouse, the optimal operating point of the installation is obtained, a fan with
a similar nominal operation is chosen, and the operational status of the installation is calculated.
Finally, the climate in the greenhouse under these conditions is determined.

2.1. Sizing of the System

In the analysis of the cooling and air distribution system, the following assumptions
were used to simplify the mass and energy transfer balances [28]:

• The pad material is uniformly and completely wetted;
• The transfer coefficients of mass and energy by convection of humid air on the surface

of liquid water are constant;
• The thermal properties of air and water are constant;
• The temperature at the water–air interface is constant and uniform;
• Le = 1;
• The air close to the water–air interface is saturated at the water temperature;
• The air temperature only changes in the x-direction;
• The air is considered incompressible.

It is assumed that the transfer of heat of the air during evaporative cooling is only
due to the change in phase. Therefore, the cooling of the air in the panel is only due to the
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evaporation of water in the panel. It must be considered that the evaporative pre-chamber
includes heat insulation that is enough to ignore energy transfer due to solar radiation. Also,
the amount of time in which a specific air mass is found in the pre-chamber is very low.

2.1.1. Optimal Point of Operation of the Installation

Starting with the value of the perturbations (PT,o, PRH,o, PSR,o, Pvv,o), and considering
the characteristics of the greenhouse and crop, the set-point values for the temperature
(XT,g) and relative humidity values (XRH,g) that must be maintained in the greenhouse
are defined. The cooling system was sized so that the value of XT,g is similar to the
set-point value.

The values of the pad area (VS,p) and the air speed as it passed through it (Xve), that is,
the flow rate of the treated air, XF, were adopted in agreement with the recommendations
of the specialized scientific literature. Generally, a ventilation rate of 120–150 m3 m−2 h−1

permits satisfactory operation. The pad area should be about 1 m2 for 20–30 m2 of green-
house floor area [24]. In our case, the surface of the panel is slightly higher, and the flow rate
is slightly lower than these recommendations. Thus, the air speed ensures high evaporative
efficiency, low pressure loss and low energy consumption of the fan. Starting with the
expressions of sensible (VQse) and latent (VQla) heat transferred between the air and the
pad, and given that the state of the exterior air was known, we determined the tempera-
ture and the relative humidity of the air as it exited the pad (XT,p and Xω,p, respectively)
(Appendix A).

XT,p = PT,o − (PT,o − XT,w)·
{

1 − exp
[
−Vβ·Cδ/

(
X1−n

ve

)]}
(1)

Xω,p = Xω,s − (PT,o − XT,w)·
(
Vcp,a/Vλ,v

)
·exp

[
−Vβ·Cδ/

(
X1−n

ve

)]
(2)

XF is used for the initial estimation of the pressure that must be maintained by the fan.
For this, the initial value of its diameter was established, CD, which also coincided with
that of the perforated inflatable ducts. The distribution of the air toward the greenhouse
was calculated with a number “Cj” of perforations placed in “CN” lines along the duct,
which are equidistant to each other by length “CL” (m) for the total length of the duct, “CM”
(m). If two contiguous lines are generically named “Vi” and “Vi+1”, with i < N defined
as the value of the total pressure needed to maintain the flow of the air in the duct, the
following equation is found (Appendix B):

Xp = (1/2)·Vρ·(XV/CN)
2·
[
Vf ·(CL/CD) + CC

]
·∑i,N−1

i,0 (CN − Vi)
2 (3)

The total pressure needed for the functioning of the installation is equal to the sum of
the loss of pressure in the pad and duct. The loss of pressure in the pad can be expressed as
a function of Xve through a second-degree polynomial equation, according to the manu-
facturer’s manual (CELdek 7060-15, Munters, Stockholm, Sweden) [29], which in this case
results in:

X∆p = −0.9813 + 1.0957·Xve + 3.7024·X2
ve; R2 = 0.9992 (4)

The XF that can be provided by the fan, guaranteeing the necessary pressure in the
installation, was determined, and Xve was calculated taking into account the difference be-
tween the state of the air in the system and that utilized by the manufacturer to characterize
the fan. This value was used to correct the evaporative efficiency values and the state of the
air values when exiting the pad. Next, the state of the air when exiting the ducts was deter-
mined, considering the flow of energy transferred to the air when exiting the pad (energy
consumed by the fan and transfers of energy through radiation and conduction–convection
in the duct (Appendix C).
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2.1.2. Climate Inside the Greenhouse

The increase in temperature in the distribution system was considered in the balance
of energy in the greenhouse to obtain a value of the air temperature inside the greenhouse,
XT,g. Given the configuration of the cooling system, the air treated in the pad was added
to that which entered the greenhouse due to renewal with the exterior air. The evapo-
transpiration of the plants and the soil also contribute toward the variation in the energy
content in the greenhouse. Also, the energy is transported through conduction from the
greenhouse to the floor. Lastly, it was necessary to take into account the transfer of energy
due to conduction–convection and the increase in the energy content in the greenhouse due
to solar radiation. In the expression of this last term, the temperature of the greenhouse
roof was utilized (VT,cov). To determine its values, a balance of energy was performed
considering the transfer of energy to the roof due to solar radiation and the transfers due to
external and internal convection (Appendix D).

The determination of XRH,g was performed starting with the balances of matter and
energy, considering the greenhouse as an open system (control volume), with the entry of
matter and energy from the pad through the distribution system and a generic exit of matter
and energy. If we consider that the variation in energy in the greenhouse is approximately
equal to the energy as heat transferred to and from the greenhouse, in a Vt = Ct instant
and a posterior Vt′ = Ct+∆t, with C∆t being 10 s, then the value of relative humidity in the
interior of the greenhouse can be obtained as (Appendix E):

Xω,g(t′) = Vma,g(t) ·
(

Vha,e + Vω,g(t)·Vhv,e

)
+ Vma,pid

·
[
Vha,e − Vha,pid + Vω,pid

·
(

Vhv,e − Vv,pid

)]
− Vma,g(t′)·Vha,e/

(
Vma,g(t′)·Vhv,e

) (5)

where, given the characteristics of the functioning of the fan pad system, it was considered
that the enthalpy of the air and the vapor at the exit (Vha,e and Vhv,e) approximately coincided
with the values in the greenhouse at instant t′ (Vha,g(t′) and Vhv,g(t′)).

2.2. Technical Viability of the System

The functioning of the system was modeled with different climate conditions, with
the exterior temperature varying between 30 and 40 ◦C, and the exterior relative humidity
varying between 30 and 75 %. The technical viability of the refrigeration installation
was analyzed as a function of the exterior climate. The operation was analyzed from an
energetic point of view. The frequency of the power used to maintain the installation was
varied to define the possibilities of energy savings. The initial value of the frequency of the
electrical energy Vn at 50 Hz was modified, and XF, X∆p, and XW were determined. For this,
the equations that were valid for the nominal conditions of the fan were utilized. Lastly,
the effect of the variation in the energy consumed on the temperature of the greenhouse
was determined.

3. Results and Discussion
3.1. Cooling System and Air Distribution

To meet the technical specifications of this installation, an air speed of 0.50 m s−1 was
assumed to pass through the pad, resulting in a flow rate of 6350 m3 h−1 and a loss of
static pressure of 180 Pa. To satisfy the needs of the installation, a fan was selected with the
appropriate optimum point of proper functioning, with the values of the properties shown
in Table 1.

The selection of the fan must guarantee the functioning of the installation in the most
unfavorable conditions. As for its regulation, if the nominal flow rate is greater than the
flow rate planned, the increase in the air speed leads to a decrease in efficiency, that is, an
increase in the air temperature as it exits the pad. Also, the power consumed by the fan is
proportional to the flow rate, and as a result, there is an increase in the temperature of the
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air that enters the greenhouse due to renewal. Another consequence of the increase in flow
rate is the increase in the dynamic pressure required in the circuit. However, if the flow
rate is less than the flow rate planned, the speed decreases, which leads to an increase in
the evaporative efficiency, that is, a decrease in temperature as it exits the pad. Also, the
power consumed by the fan is reduced, which translates into an additional decrease in the
temperature of the air that enters the greenhouse due to renewal. Thus, to regulate the
flow rate in the installation, the best values vary between 85 and 105% of the nominal flow
rate of the fan. In this way, the performance will be similar to the maximum value, thereby
meeting the specific guidelines, which recommend the maximum performance of the fan.

Table 1. Technical characteristics of the cooling system (area and thickness of the pad, unit and total
flow rate, performance and angular speed of the fan, air speed in the pad, and discharge speed into
the duct).

Characteristics and Optimum Point of Functioning of the Installation Values

Area of the fan pad (m2), CS 21
Thickness of the fan pad (m), Cδ 0.10

Unit and total flow rate (m3 h−1), XF 6580/39,480
Unit and total drive power (W), XW 740/4440

Performance of the fans (%),Vµ 45.1
Angular speed (rpm), Vn 1450

Air speed in the pad (m s−1), Xve, (PT,o = 35 ◦C; PRH,o= 45%) 0.54
Air speed at the exit of the fan towards the duct (m s−1), Xv,pid 5.90

To improve the functioning of the installation, we did not only have to take into
account the maximum performance of the fan. We must also reduce the use of energy,
and for this, we must limit the loss of pressure in the circuit. For example, the specific
guidelines limit the loss of pressure due to the air diffusion elements to values between
40 and 200 Pa. It is necessary to guarantee a considerable value of the loss of pressure to
ensure a homogeneous distribution of the cooled air, and ultimately, of the temperature
inside the greenhouse.

3.2. Evaporative Cooling

Figure 3 shows a representation of evaporative cooling processes as a function of
the state of the exterior air. The angle between the XT and Xω axes is 90◦. The angled
curvilinear lines represent states of air with the same XRH values. The angled rectilinear
lines represent states of air with the same Xh values.

Figure 3 shows the processes of evaporative cooling starting with different initial states
of the air to be treated by the fan pad system. When the initial temperature of the air is
moderate (for example, PT,o = 30 ◦C), the processes are practically isenthalpic (Xh = cte).
However, when PT,o and PRH,o increase towards extreme values (between 35 and 40 ◦C,
or from 60 to 75%), enthalpy, Xh, tends to increase throughout the process. Therefore, a
greater consumption of water per unit of mass of air treated in the pad is observed. Thus,
for the value of PRH,o = 30%, the decrease in the temperature will be 9.0, 9.5 and 10.0 ◦C,
and the variation in the relative humidity of the air will be 4.0, 5.0 and 6.0 when the value
of PT,o is 30, 35, and 40 ◦C, respectively. However, for a value of PRH,o = 75%, the decrease
in temperature is 2.7, 2.8 and 3.0 ◦C, and the variation in the relative humidity of the air
is 1.5, 1.8 and 2.0, when the value of PT,o is 30, 35 and 40 ◦C, respectively. That is, the
relation between the cooling of the air and the increase in its relative humidity decreases
from 2.2, 1.9 and 1.8 ◦C, when PRH,o is 30%, to 1.8, 1.7 and 1.6 ◦C, when PRH,o is 75%, if
the temperature in the air to be treated is 30, 35 and 40 ◦C, respectively. We are dealing
with an approximate reduction of 20% in the capacity to cool per unit of water evaporated
with the values utilized in the present work when PT,o increases, if PRH,o is maintained
constant, or when PRH,o increases, if PT,o is constant. This is an additive effect, so if PT,o and
the PRH,o increase, the cooling capacity is reduced by 35% with the values utilized in the
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present work. Despite the differences between the processes described, in every case, the
evaporative efficiency of the pad, Vη , barely varied between 75 and 76%. These results are
similar to those found in the application of an evaporative panel to improve the efficiency
of an air conditioning installation [23].
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Figure 3. Diagram of XT (◦C) as compared to Xω (103 kg kg−1) with the representation of XRH

(%) and Xh (kJ kg−1) lines. The oriented segments represent the evaporative cooling processes
in the pad for the initial states of the exterior air at different temperatures (PT,o1 = 30 ◦C, black
circles; PT,o2 = 35 ◦C, black squares; PT,o3 = 40 ◦C, white circles) and relative humidity (PRH,o1 = 30%,
PRH,o2 = 45%, PRH,o3 = 60% and PRH,o4 = 75%).

3.3. Temperature of the Air as It Exits the Pad

Figure 4 represents the value of the air temperature as it exits the pad (XT,p, ◦C) as a
function of the initial state of the air to be treated, provided by PT,o and PRH,o. The result is
a linear increase in the XT,p values as PT,o and PRH,o increase.

The XT,p values estimated in the present work are correlated linearly with those that
were experimentally determined by [22]. In the conditions of the assay, the temperature
of the air as it exited the pad, XT,p, varied between 21.2 and 36.9 ◦C when PT,o = 30 ◦C
and PRH,o = 75% and when PT,o = 40 ◦C and PRH,o = 30%, respectively. The value of XT,p
increased with PT,o and with PRH,o. The values of XT,p came closer to PT,o as PRH,o increased
(The relation is 0.81 for 30% and 0.96 for 75%). For its part, the increase in XT,p, when PRH,o
varied and PT,o was constant was less, and it barely increased with the value of PT,o.

Figure 5 shows an existing correlation between the XT,p values measured and calcu-
lated. The values of the statistical indices utilized to assess the fit are shown in Table 2. The
values of XT,p determined in the present work are similar to those found by [22] starting
with the values of Xω,p obtained experimentally and assuming evaporative cooling without
sensible heat transfer. The comparison between the values of XT,p obtained in either of
these cases did not differ by more than 10%. The greatest differences were found in the
values of XT,p corresponding to high PT,o values, that is, when the solar radiation was high-
est and greatly interfered with the experimental results. The statistical indicators utilized
to evaluate the model showed a high correlation between the values of XT,p obtained by
both methods.
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Figure 4. Changes in the temperature values XT,p of the air as it exits the pad, as a function of its
initial state.
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Table 2. Statistical indices (Appendix F) for assessing the goodness of fit of the XT,p calculation model.

Statistical Indices Variable, XT,p

MAE (◦C) 0.7
ME (◦C) 1.6

RMSE (◦C) 0.8
CRM (-) 0

EF (-) 1
IA (-) 1

3.4. Evaporative Cooling and Performance

Figure 6 shows a relationship between the values of specific consumption of water
(X103mw/ma) and those of evaporative performance (XEP, %) as a function of the exterior
climate. The highest XEP values were reached with high PRH,o and PT,o values and low
X103mw/ma. As the PRH,o and PT,o decreased, the values of X103mw/ma increased, while those
of XEP decreased. In order to optimize the functioning of the fan pad system, it is necessary
to establish a relationship between the different indicators of efficiency of the functioning
of the fan pad system. The evaporative performance XEP (%) is defined as the relationship
between the real increase in relative humidity, and the maximum increase in evaporative
cooling possible. When PRH,o is constant, its value increases in a practically linear manner
with PT,o, with the slope decreasing along with the value of PRH,o (75 %). When PT,o is
constant, the value of XEP barely varies with PRH,o.
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Figure 6. Relationship between the specific consumption of water X103mw/ma and evaporative
performance of the fan pad system XEP as a function of the state of the exterior air.

Figure 7 shows the relationship between the X103mw/ma and XT,o−T,p values as a
function of the initial state of the air (PT,o and PRH,o). In all the states represented, the fan
pad system obtained an evaporative efficiency value of Xη that was approximately constant
(75–76%). However, the influence of the exterior climate on the XT,o−T,p and X103mw/ma
values were very important. The relationship between the values of X103mw/ma and XT,o−T,p
in the intervals of PT,o and PRH,o utilized were slightly curvilinear, with mean slope values
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in the intervals of the conditions of the exterior air practically constant. The mean slopes of
the lines when PT,o is constant, and of the lines when PRH,o is constant, tend to increase,
with their values decreasing when these variables increase. The mean values of the slopes
when PT,o is constant are 2.1, 2.0 and 1.9 ◦C, for 30, 35, and 40 ◦C, respectively. The mean
values of the slopes when PRH,o is constant are 1.0, 0.8, 0.7, and 0.6 ◦C for 30, 45, 60, and
75%, respectively. When the value of PT,o is 40 ◦C, and PRH,o is 75 %, the value of X103mw/ma
is 2.0, and that of XT,o−T,p is 3.2 ◦C, while when PRH,o is 30 %, the values of these variables
are practically tripled (5.9 and 10.7 ◦C, respectively), with the increase in the XT,o−T,p value
being greater. These results demonstrate that evaporative cooling is an adequate technique
for cooling a greenhouse, especially in warm and dry climates, although its main drawback
is water consumption [7]. An explanation of the different behaviors of the fan pad system
as a function of the characteristics of the exterior air seems adequate due to the properties
of the water vapor as opposed to the characteristics of the evaporative cooling process.
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The relationships between the values of the X103mw/ma and the XEP, when PRH,o is
constant, are analogous to those determined in [22]. However, it is necessary to take
into account the difference between the range of XEP values found starting with the
experimental data in that study and those obtained in the present one. Thus, the differences
between the values of X103mw/ma and XT,o−T,p found in both works as XT,o increased can be
explained, and are perhaps due to the effect of solar radiation on the experimental results.

3.5. Temperature inside the Greenhouse

The temperature inside the greenhouse, XT,g, varied as a function of the exterior cli-
mate, as shown in Figure 8. The value of XT,g increased proportionally with PT,o and PRH,o.

Figure 9 shows the cooling of the air inside the greenhouse with respect to the exterior
temperature XT,o−T,g. Its value increased as PRH,o decreased and did not really change
with PT,o.
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The values of XT,g decreased from the state of the exterior air, of PT,o = 40 ◦C and
PRH,o = 75%, to those characterized by PT,o = 30 ◦C and PRH,o = 30%. Also, the values
of XT,g increased together with the value of PT,o when PRH,o was constant. Therefore,
the efficiency of these systems in reducing the values of XT,g is greater in dry climates.
These results are a limitation of the set-point values of temperature in the greenhouse
when using this type of installation. As a function of the climatic conditions, it may be
impossible to achieve specific values of XT,g set. To better understand the effect of climate
on the values of XT,g, we must analyze the cooling values produced in the greenhouse
(Figure 8). It can be observed that the decrease in temperature between the exterior air
and the greenhouse, XT,o−T,g, was practically a function of PRH,o, with the cooling value
at PRH,o = 30% varying between 8.6 ◦C when PT,o = 30 ◦C and 10.0 ◦C when PT,o = 40 ◦C.
However, when PRH,o = 75%, the cooling value varied between 0.9 ◦C, if PT,o = 40 ◦C, and
1.8 ◦C if PT,o = 30 ◦C (Figure 9). Other works have described a notable reduction in the
efficiency of cooling in humid climates [22,30]. In [31], the authors found a significant
decrease in the cooling of a multi-span greenhouse with a rose crop (Rosa indica L. cv
‘Mercedes Long) in a climate with a temperature of 35 ◦C and a relative humidity of 50 %.
However, Ref. [32] indicated that tropical regions, such as Malaysia, were very adequate
for the use of fan pad evaporative cooling systems. In [33], the authors found that the
most efficient method for cooling a single span ridge greenhouse in a dry and hot region in
summer in India was fan pad evaporative cooling. Lastly, Ref. [34] discovered that the fan
pad based evaporative cooling systems were very compatible with dry climates, such as
those found in Jordan.

3.6. Variation in the Frequency of the Extractor Driver

Table 3 shows the values of fan power, XW (W), flow rate provided, XF (m3 h−1), loss of
pressure in the duct, X∆Pe (Pa), and the global coefficient of energy transfer by convection–
conduction between the duct and the air inside the greenhouse, Xhcc (W m−2 ◦C−1), for
the different frequency values of electrical energy, Vn, (70, 50 and 30 Hz). The climate
conditions in the exterior were provided by values of PT,o (35 ◦C), PRH,o (30%) and PSR,o
(800 W m−2).

Table 3. Values of the unitary properties of the functioning of the extraction–driving system for
frequencies of 30, 50 and 70 Hz. External conditions: PT,o: 35 ◦C, PRH,o: 30%, PSR,o: 800 W m−2.

Vn (30 Hz; 870 rpm) Vn (50 Hz; 1450 rpm) Vn (70 Hz; 2030 rpm)

XW (W) 160 741 2033
XF (m3 h−1) 3836 6394 8952

X∆Pe (Pa) 76 221 416
Xhcc (W m−2 ◦C−1) 1.3 1.7 2.1

The energy consumption of the installation can be reduced by varying the angular
speed of the fan by modifying the frequency of the electrical energy, Vn (Hz). In all the
calculations of the energy consumed, it was assumed that the consumption of energy of the
variable frequency drive was 10% of the consumption of the fan. However, the use of the
variable frequency drive allowed reducing the consumption of energy of the installation
with respect to the functioning in nominal conditions. Although the transfer of energy
improved with the increase in Vn, the consumption of energy and the losses of pressure
also increased.

Table 4 shows the values of XW (W), XF (m3 h−1), and X∆Pe (Pa) produced by the
fan selected when the nominal value of Vn (Hz) was reduced between 50 and 46 Hz. The
climate conditions in the exterior are given by values of PT,o (35 ◦C), PRH,o (30%) and PSR,o
(800 W m−2).
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Table 4. Values of the unitary properties of the functioning of the extraction–driving system for
frequencies between 50 and 46 Hz. External conditions: PT,o: 35 ◦C, PRH,o: 30%, PSR,o: 800 W m−2.

Vn (Hz) 50 49 48 47 46

XW (W) 741 709 666 626 586
XF (m3 h−1) 6394 5674 5558 5442 5326

X∆Pe (Pa) 221 212 203 195 187

A decrease in Vn of 8% lead to the same decrease in fan rotation speed XF (m3 h−1).
However, XW (W) decreased by 22% and X∆Pe (Pa) by 15%. Therefore, the reduction in
Vn can be thought of as an energy savings measure, and it also leads to a decrease in the
consumption of water, given that the decrease in the value of Xve improved evaporative
efficiency Xη (%). To reduce the losses of pressure during the transport of cooled air, and to
improve the energy efficiency of the installation, inflatable plastic ducts that increase in
their cross-sectional area from the start of the duct next to the fan to the end of the crop
cultivation lines could be utilized.

The comparison of the values found in Tables 3 and 4 for the nominal value of Vn
(50 Hz) explains the effect of the air humidity on the energy parameters of the installation.
Thus, when the value of PRH,o changed from 30 to 60% (Tables 3 and 4, respectively), an
increase in power was observed (XW), along with a loss of pressure (X∆Pe) and a reduction
in flow rate (XF). An explanation can be found in the analysis of the characteristics of
evaporative cooling (Figure 3). When the initial temperature (PT,o) and humidity (PRH,o)
of the air increase, the air enthalpy (Xh) increases during the cooling process. The energy
needed to transport this humidified air is proportional to this variation in enthalpy so that
the power of the fan is greater if the air is warmer and more humid. This increase in power
increases the loss of pressure, which reduces air speed, and therefore its flow rate in the
distribution system.

Figure 10 shows the temporal changes in XT,g as a function of Vn. The changes in the
functioning of the extraction–driving systems due to the variation in the frequency utilized
did not actually affect the XT,g value. As the value of the frequency decreased, the initial
value of the temperature in the interior of the greenhouse tended to increase, although its
stationary value tended to be lower.

The transitory analysis of the response of XT,g to the functioning of the evaporative
cooling and air distribution system shows a correspondence with a first-order system. As
the value of Vn decreases, the value of the system gain tends to increase, while that of the
time constant tends to decrease.

Semi-closed greenhouses with a side aisle tend to improve the efficiency of water
use. The quantity of water saved is proportional to the capacity of the cooling system
installed. Therefore, the design of a semi-closed greenhouse can be improved by including
two side aisles (for example, on the eastern and western sides of the greenhouse) with
evaporative panels. In this manner, the length of the air distribution ducts is reduced to
less than half, leaving a central aisle that is parallel to the side ones. This change in design
translates into a reduction in the loss of pressure in the air transfer circuit, and therefore of
the energy consumed.

With respect to the regulation of the flow rate, it is necessary to analyze the resulting
energy needs when the exterior climate variables change, as they have an effect on the
greenhouse climate. These are temperature, ambient humidity, solar radiation, or wind
speed, as well as the action of other climate control elements such as shading and/or
ventilation. The values obtained from the energy demand must be satisfied through a
multi-factorial decision, considering the flow rate and the loss or pressure. To adapt the
functioning of the fan, the installation of a variable frequency drive could help meet the
needs of the installation, by decreasing the power required and the energy consumed by
the installation. Ref. [35] tested the performance of the R410A inverter air conditioner
system (3.5 kW capacity) with an evaporatively cooled unit by varying the input conditions.
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The coefficient of performance (COP) was improved by 18.32% at the lowest compressor
frequency (30 Hz) and water flow rate of 200 L h−1.
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Semi-closed greenhouses allow the use of strategies that are different from conven-
tional greenhouses. Thus, Ref. [10] concluded that to obtain all the advantages of semi-
closed greenhouses, growers must reduce the frequency of ventilation and accept higher
values of temperature and relative humidity during the summer.

4. Conclusions

The initial state of the exterior air had an influence on the functioning of an evaporative
cooling installation for the cooling of greenhouses. Although the evaporative efficiency
hardly varied, the temperature of the air treated in the panel and the temperature in the
greenhouse increased with the initial temperature and humidity of the air. The cooling of
the inside air hardly varied with the exterior temperature and increased proportionally to
the decrease in the relative humidity of the exterior air. The set temperature points in the
interior of the greenhouse can be compromised as a function of the exterior climate. The
reduction in the frequency of the electrical energy through a variable frequency drive can
help by saving energy, without affecting the temperature values inside of the greenhouse.
It would be interesting to assess other strategies, such as the use of perforated flexible
ducts of variable-size cross-sections to assess the reduction in losses in pressure. More
analyses are needed of this type of greenhouse cooling system that can contribute towards
the adaptation of crops to the effects of climate change.
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Abbreviations

P Perturbance variable
X Unknown variable
V Known value variable
C Constant value variable
Variables
T temperature (K, ◦C)
RH Relative humidity (%)
p Pressure (Pa)
vv Wind speed outside (m s−1)
Dv Wind direction outside (◦)
SR Solar radiation outside (W m−2)
PAR Photosynthetically active radiation (µmol m−2 s−1)
η Evaporative efficiency of the fan pad system (%)
ω Relative humidity of the air (kgv kga−1)
ve Wind speed as it passes through the pad (m s−1)
v Wind speed (m s−1)
Q Energy exchanged as heat (J)
W Mechanical power transferred by the fan (W)
µ Fan performance (%)
t Time (s)
m Mass (kg)
V Volume (m3)
cp Specific heat (J kg−1 K−1)
λ Latent heat (J kg−1)
hc Coefficient of energy transfer as heat due to convection (W m−2 K−1)
hm Coefficient of mass transfer (kg m−2 s−1)
Le Lewis number (-)
ξ Porous surface per unit of volume of the panel (m2 m−3)
B Base or thickness of the panel (m)
H Panel height (m)
δ Thickness of the panel (m)
x Direction perpendicular to the main area of the panel (m)
ρ Density (kg m−3)
P Proportionality coefficient characteristic of the panel (kg sn−3 m−n K−1)
β Factor of integration (sn−1 m−n)
n Coefficient characteristic of the panel (-)
i number of perforations in a line of perforations (-).
N Number of perforation lines along the inflatable distribution line (-).
L Space between contiguous perforation lines along the inflatable duct (m)
M Total length of the inflatable duct (m)
f Darcy friction factor (-)
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Re Reynolds number (-)
D Diameter of the inflatable duct (m)
C Coefficient of localized pressure losses in a duct (-)
pe Static pressure in the interior of the hose (Pa)
pd Dynamic pressure in the interior of the hose (Pa)
E Extinction coefficient of solar radiation (-)
A First coefficient of crop evapotranspiration (s2 m−2)
B First coefficient of crop evapotranspiration (s m−1)
LAI Leaf area index (m2 m−2)
VPD Vapor pressure deficit (Pa)
ET Evapotranspiration (kg m−2 s)
d Depth (m)
k Coefficient of thermal conductivity (W m−1 s−1)

hcc
Global coefficient of energy transfer by convection–conduction between
the duct and the air in the greenhouse (W m−2 ◦C−1)

S Surface (m2)
α Radiation absorption coefficient (-)
τ Radiation transmission coefficient (-)
σ Stefan-Boltzmann constant (5.67·10−8 W m−2·K−4)
K Global heat transfer coefficient (W m−2 K−1)
F Flow rate (m3 s−1)
h Specific enthalpy (J kg−1)
n Angular frequency (Hz, rpm)
Other sub-indices
v Vapor
a Air
w State of adiabatic saturation
w Humid, referring to temperature
p Pad
c Evaporative pre-chamber
o Exterior
o With evapotranspiration, reference
g Greenhouse
pid perforated inflatable duct
e Exit
s Saturated
se Sensible
la Latent
cr Crop
so Soil
rad Radiation
cov Roof
enc Enclosure
fl Floor
atm Atmospheric
ter Thermal
cd Conduction
cv Convection
cc Conduction-convection
des Design

Appendix A

Characteristics of the air as it exits the pad. As a function of its thickness (Cδ), each pad
has a relationship between its evaporative efficiency (Xη) and the wind speed as it passes
through the panel, Xve, which can be obtained from the expression of sensible heat, VQse. If
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the normal direction of main section of the pad is named Vx, the value of VQse exchanged
by the air with a movement of dVx per unit of time:(

δVQse/dVt
)
= (δVm,a/dVt)·Xcp,a·dXT = Vhc·(XT,w − XT)·Cξ ·CB·CH ·dVx (A1)

If the variables are separated and integrated between the initial state of the air
(XT,1 = XT,o; Vx,1 = 0) and the final 2 (XT,2 = XT,p; Vx,2 = Cδ) in the process
of evaporative cooling, we obtain:

ln
[(

XT,w − XT,p
)
/(XT,w − XT,o)

]
= −Vhc·Cξ ·CB·CH ·Cδ/

[
(dVm,a/dVt)·Xcp,a

]
(A2)

By solving the equation, we obtain:

XT,p = XT,w + (XT,o − XT,w)·exp
{
−Vhc·Cξ ·CB·CH ·Cδ/

[
(dVm,a/dVt)·Xcp,a

]}
(A3)

If we substitute between XT,o and XT,pad in the expression of the evaporative efficiency
of the cooling panel, we obtain:

Xη = 100·
[(

XT,o − XT,p
)
/(XT,o − XT,w)

]
= 100·

{
1 − exp

[
−Vhc·Cξ ·Cδ/

(
Xve·Xρ,a·Xcp,a

)]}
(A4)

As a function of the characteristics of the panel, there is a relationship between the
coefficient of convection, Vhc, and Xve, which responds to the generic expression given by
Vhc = Vp·Xn

ve [27]. If it is substituted in the expression (A4) of the evaporative efficiency
value, we obtain:

Xη = 100·
{

1 − exp
[
−Vβ·Cδ/

(
X1−n

ve

)]}
(A5)

If we make (A5) and (A4) equal to each other, we obtain:

XT,p = XT,o − (XT,o − XT,w)·
{

1 − exp
[
−Vβ·Cδ/

(
X1−n

ve

)]}
(A6)

Analogously, the value of the relative humidity of the air as it exits the panel, Xω,p,
can be obtained from VQla. That is:(

δVQla/dVt
)
= (δVm,a/dVt)·dXω = Vhm·(Xω,s − Xω)·Cξ ·CB·CH ·dVx (A7)

When separating the variables and integrating between the initial state of the air 1
(Xω,1 = Pω,o; Vx,1 = 0) and the final 2 (Xω,2 = Xω,p; Vx,2 = Cδ), we obtain:

ln
[(

Xω,s − Xω,p
)
/(Xω,s − Xω,o)

]
= −Vhc·Cξ ·CB·CH ·Cδ/

[
(dVm,a/dVt)·Xcp,a

]
(A8)

In the case that the relationship Vcp,a = Vhc/Vhm was taken into account, assuming
that VLe =

[
Vhc/

(
Vcp,a·Vhm

)]
= 1 [27], that is, in the case that the evaporative cooling was

considered adiabatic, solving we obtain:

Xω,p = Xω,s − (XT,o − XT,w)·
(
Xcp,a/Vλ,v

)
·exp

{
−Vhc·Cξ ·CB·CH ·Cδ/

[
(dVm,a/dVt)·Xcp,a

]}
(A9)

Or
Xω,p = Xω,s − (XT,o − XT,w)·

(
Xcp,a/Vλ,v

)
·exp

(
−Vβ·Cδ/X1−n

ve

)
(A10)

Appendix B

Initial sizing of the air distribution system. The distribution of the air toward the
greenhouse is performed through a number Cj of perforations along CN lines equidistant
to each other throughout a hose of length CL (m) on the total length of the duct, CM (m).
Between two contiguous lines, generically named Vi and Vi+1, with i < N, the pressure
decreases in the direction of the forward movement of the flow of the air due to continued
losses of pressure or due to friction (Vf ·CL·Vρ·X2

v/(2·CD)) and singular or localized losses
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(CC·Vρ·X2
v/2). The balances of the matter and energy applied to a control volume in the

hose allow us to relate the speed at the start of the hose with the speed in position Vi,
and the difference between static pressure (Xpe) in two contiguous lines of perforations
throughout the same duct, Vi e Vi+1.

Xv,i = Xv·(1 − Vi/CN) (A11)

Xpe,i + (1/2)Vρ·X2
v,i = Xpe,i+1 + (1/2)Vρ·X2

v,i+1 + (1/2)Vρ·X2
v,1·
[
Vf ·(CL/CD) + CC

]
(A12)

Solving,

Xpe,i = Xpe,i+1 + (1/2)Vρ·(XV/CN)
2
{
(CN − Vi)

2
[
Vf ·(CL/CD) + CC

]
+ [1 − 2(CN − Vi)]

}
(A13)

Therefore, the value of the static pressure needed to maintain the flow of air in the
duct is:

Xpe = (1/2)Vρ·(XV/CN)
2
[
Vf ·(CL/CD) + CC

]
∑i,N−1

i,0 (CN − Vi)
2 − (1/2)Vρ·X2

v (A14)

And the total pressure is:

Xp = Xpd + Xpe = (1/2)Vρ·(XV/CN)
2
[
Vf ·(CL/CD) + CC

]
∑i,N−1

i,0 (CN − Vi)
2 (A15)

The value of Vf can be obtain according to [36] as:

Vf = 0.184V−0.2
Re (A16)

Appendix C

Determination of the temperature in the perforated inflatable duct. The state of the air
as it exits the ducts is determined considering that the flow of energy transferred to the air
from its exit from the pad is constant (the energy consumed by the fan and the transfers of
energy due to radiation and conduction–convection on the duct), so that the increase in
temperature along the duct can be obtained as:

X∆T = 4
(
δVQ/dVt

)
/
(

Vρ·Vv·Vcp·Cπ ·C2
D

)
(A17)

Therefore, the mean value of the air temperature in the duct is:

XT,pid = XT,p + (1/2)X∆T = XT,p + 2
(
δVQ/dVt

)
/
(

Vρ·Vv·Vcp·Cπ ·C2
D

)
(A18)

Appendix D

Temperature in the interior of the greenhouse. The energy that enters the greenhouse
from renewal from the exterior is obtained as

δVQ,ren/dVt = ( δXV/dVt) · Vρ

·
[
Vcp,a ·

(
XT,g − XT,pid

)
+ Vλ,v ·

(
Xω,g − Xω,pid

)
+ Vcp,v

·
(

Xω,g · XT,g − Xω,pid · XT,pid

)] (A19)

The evapotranspiration of the plants and soil also contributes to reducing the energy
content of the greenhouse, resulting in:

δVQ,evp/dVt = Vλ,v·VET,cr = Vλ,v·Vk,cr·VET,o = Vλ,v·Vk,cr·
[
PSR,g·CA·exp(−CE·VLAI) + XVPD·VLAI ·CB

]
(A20)
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The greenhouse also loses energy due to conduction through the floor

δVQ,so/dVt = Vk,so·CS,so·
(
XT,g − XT,so

)
/Vp (A21)

On the other hand, the energy content of the greenhouse increases due to solar radiation

δVQ,rad/dVt = CS,cov−enc·
[

PSR·
(

Vα,cov + Vτ ·Vα,p− f l

)]
+ CS, f l ·Cσ·Vτ,ter·

(
Vε,atm·V4

T,atm − Vε,ter·V4
T,cov

)
(A22)

Lastly, the energy exchanged due to conduction–convection is

Xv,i = Xv·(1 − Vi/CN) (A23)

In expression (A20), the greenhouse roof temperature is used (VT,cov). To determine its
value, the energy in the system must be balanced. Thus, the transfer of energy to the roof
due to solar radiation is:

(
δVQ,rad−cov/dVt

)
·(1/CS,so) =

[
PSR·Xα,cov + Cσ·

(
Vε,atm·V4

T,atm − Vε,ter·V4
T,cov

)]
·
(

CS,cov/CS, f l

)
(A24)

The transfer due to exterior and interior convection are, respectively:(
δVQ,cv−o/dVt

)
·(1/CS,so) = Ph,o·(PT,o − VT,cov) (A25)(

δVQ,cv−g/dVt
)
·(1/CS,so) = Xh,g·

(
XT,g − VT,cov

)
(A26)

Appendix E

Determination of relative humidity of the air in the interior of the greenhouse. The
balances of the matter (dry air and water vapor) and energy, considering the greenhouse
as an open system (control volume) with the entry of matter and energy, from the pad
through the perforated plastic duct, and the exit to the exterior of matter and energy
are, respectively:

Vma,g(t) + Vma,pid = Vma,g(t′) + Vma,e (A27)

Vmv,g(t) + Vmv,pid + Vmv,tra = Vmv,g(t′) + Vmv,e (A28)

VQ = Vma,g(t′)·
(

Xha,g(t′) + Xω,g(t′)·Xhv,g(t′)

)
+ Vma,e·(Xha,e + Xω,e·Xhv,e)

−Vma,g(t)·
(

Xha,g(t′) + Xω,g(t′)·Xhv,g(t′)

)
− Vma,pid

·(Xha,e + Xω,e·Xhv,e)− Vmv,tra·Xhv,tra

(A29)

If value Vma,e is removed from expression (A27) and substituted in (A28), taking into
account the definition of relative humidity (Xω), we can obtain an expression for Xω,e. If
we consider that the energy as heat transferred to and from the greenhouse, in an t = t
instant and a posterior instant t′ = t + ∆t, is approximately equal to the variation in energy
in the greenhouse, then the value of relative humidity in the interior of the greenhouse can
be obtained as:

Xω,g(t′) =
[
Vma,g(t)·

(
Xha,e + Xω,g(t)·Xhv,e

)
+ Vma,pid

·
(

Xha,e − Xha,pid + Xω,pid·
(

Xhv,e − Xhv,pid

))
+ Vmv,tra

·(Xhv,e − Xhv,tra)− Vma,g(t′)·Xha,e

]
/
(

Vma,g(t′)·Xhv,e

) (A30)

where it is considered that the enthalpy of the air and the vapor as they exit (Xha,e and
Xhv,e) approximately coincide with the values in the greenhouse at instant t’ (Xha,g(t′)
and Xhv,g(t′)).
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Appendix F

Statistical indices. The statistical indices used for the model assessment were calculated
as follows:

MAE = Mean|Pi − Oi|ni=1(°C) (A31)

ME = Maximun|Pi − Oi|ni=1(°C) (A32)

RMSE =

[
n

∑
i=1

(Pi − Oi)
2/n

]0.5

(°C) (A33)

CRM =

(
n

∑
i=1

Oi −
n

∑
i=1

Pi

)
/

n

∑
i=1

Oi (A34)

EF =

(
n

∑
i=1

(
Oi − O

)2 −
n

∑
i=1

(Pi − Oi)
2/

n

∑
i=1

(
Oi − O

)2
)

(A35)

IA = 1 −
(

n

∑
i=1

(Oi − Pi)
2/

n

∑
i=1

(∣∣Pi − O
∣∣+ ∣∣Oi − O

∣∣)2
)

(A36)

where Oi and Pi are the observed (measured) and the predicted (calculated) values, respec-
tively; O is the mean of the observed values; n is the sample size. Optimal values for the
indices are MAE = 0, ME = 0, RMSE = 0, CRM = 0, IA = 1 and EF = 1.
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