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Abstract: The growing needs for fruit and vegetable production, together with the current climate
change situation, make agriculture under plastic and greenhouse cooling indispensable. The most
commonly used approaches are natural ventilation, shading and fan-pad systems. To foster a climate
that allows forplant production under cover in extreme conditions, a novel fan-pad system has been
devised that incorporates a pre-chamber and an air distribution system using air ducts running
alongside the crop rows. The system has been tested in a greenhouse in Almeria (Spain) during the
daytime in August, when the weather was hotter. Tests were also carried out in combination with
natural ventilation and shading. The results indicate that the fan-pad system was efficient under
extreme weather conditions and that it avoided creating horizontal thermal gradients. By determining
the theoretical value of the air temperature leaving the pad, we were able to estimate the evaporative
cooling potential of the fan-pad system as a function of the outdoor climate. Under extreme
conditions, the fan-pad system’s efficiency decreased along with increased air temperature and, above
all, the increased relative humidity of the outside air. When the outdoor climate is warm and humid,
natural ventilation may be the most efficient temperature control method. If the outdoor climate is
warm and dry, the evaporative pad is more effective, especially when combined with shading.

Keywords: evaporative cooling; natural ventilation; shading; resilience to climate change;
high temperature crop production

1. Introduction

Greenhouses are built to protect crops from inclement weather and to increase crop quality [1,2].
In warm climates, greenhouses are specially adapted to agricultural production during the cold and
mild periods of the year. However, high summer temperatures impair crop development [3]. In arid
and semi-arid areas, summer is characterized by temperatures that can exceed 40 ◦C and relative
humidity levels below 30% during the day [4]. For this reason, strategies aimed at reducing the air
temperature inside the greenhouse have been developed for the hottest times of the year.
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In the case of greenhouses in semi-arid climates, the most commonly used cooling systems are
natural ventilation and shading, due to their low economic cost. However, natural ventilation has the
inconvenience of pests and/or vectors of disease entering the greenhouse, so the air vents need to be
protected with anti-insect screens, which can reduce air renewal to inadequate levels [5,6]. During the
hottest months of the year (April to September), ventilation is usually combined with greenhouse roof
whitening, which reduces radiation inside to values ranging from 30% to 50% that of the outside, albeit
with little homogeneity [7,8]. Other drawbacks of whitening include the level of constant shading
throughout the day, the high water consumption required to remove it, the need to repeat the whitening
operation in the case of rain and the reduction in the cover’s lifespan [9]. The use of fixed shading
screens allows one to choose the proportion of radiation inside the greenhouse and provides more
homogeneous shading. However, as with whitening, the shade screens produces a constant shade and,
if it they installed inside the greenhouse, the ventilation rates are reduced [10]; if outside, they can be
mobile, although these also have drawbacks, such as the cost incurred for their installation and the
increased loads on the greenhouse structure itself [11,12].

To overcome these problems, numerous cooling systems have been designed, amongst which are
evaporative cooling techniques, which can be grouped into: direct evaporative cooling, indirect or roof
evaporative cooling and two-stage cooling [13]. The direct evaporative cooling group includes the
fan-pad and misting systems. The fan-pad system allows greater temperature reduction due to better
air saturation efficiency although with lower homogeneity in the temperature distribution [13,14].
The horizontal temperature gradient characteristic of the fan-pad system is reduced when air distribution
is carried out using perforated inflatable air ducts [15]. The main problems with these systems are
water and energy consumption (higher in the misting system), which also involve greater economic
investment and require higher quality water [16]. To optimise the operation of the fan-pad system,
the effect of factors such as climate [17], water and air flow [18], material characteristics [19] and
different evaporative cooling designs have been analysed [20]. Another strategy with acceptable
results is to spray water on the greenhouse cover, and combining this with shading screens [21].
Two-stage evaporative cooling and mixed mode cooling have also been studied, where the fan-pad
system is combined with heat recuperators, liquid desiccants and/or water recuperators, obtaining
interesting interior temperature reduction values that vary depending on the design and location
of the greenhouse [22,23]. The results from these works have been collected in various specific
reviews [13,16,24].

Combining different cooling systems (evaporative cooling, natural ventilation and shading) can
reduce the greenhouse energy requirements and provide the optimal conditions for plant production
under cover in hot climates [17,24]. Therefore, to characterise a fan-pad system under field conditions
requires analysing the effect of the other systems on the pad’s operating parameters and establishing
the existence of synergies and/or incompatibilities. In general, the goal is to cool the total mass
of air inside the greenhouse. However, it would be interesting to consider the cooling around the
crop to better take advantage of the fan-pad system features. The main contribution of this work is
the analysis and evaluation of a novel fan-pad system that consists of a pre-chamber after the pad,
regulating the input of treated air into the inflatable air duct distribution system running next to the
crop rows. In addition, this system is combined with natural ventilation and shading to establish
synergies and/or incompatibilities between the most common cooling systems, and is used in extreme
weather conditions. The objective is to establish the feasibility of this new fan-pad system for cooling
greenhouses in desert areas with extreme weather conditions.

2. Materials and Methods

2.1. Greenhouse, Crop, Sensors and Actuators

Between March and September 2017, a pepper crop was grown in a gothic-form greenhouse located
at the TECNOVA Foundation experimental farm [25] in Almería, Spain (36–54′19′′ N 2–21′29′′ W).
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The growing system used was on sand with paired crop rows 1.6 m apart from each other. The separation
distance was 0.75 m between the growing rows of the same pair and 0.5 m between the plants within
the same crop row, making the planting density 2.5 plants m−2. Interline drippers with a unit flow
rate of 3.0 L h−1 were used. The greenhouse has two spaces, each 8.0 m wide and 22.5 m long with a
height of 4.0 m to the gutter and 5.5 m to the roof apex. The roof runs from south to north, and crop
rows are aligned east to west. As regards the actuators, the greenhouse has a surface area of 220 m2

automatically ventilated with windows placed in the west and south walls and two roof-flap windows
in each span. Furthermore, 20 × 10 threads cm−1 bionet anti-insect mesh screens are installed in each
window (Figure 1). The system is governed by three AC-motors: one for the roof windows (400 kW)
and one for each side window (600 kW). Moreover, a shading screen with 40% transmissivity is located
inside at a height of 4 m and governed by a 1.2 kW AC-motor.
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Figure 1. Greenhouse with fan-pad system.

2.2. Greenhouse Cooling System with Evaporative Chamber and Inflatable Air Ducts

The greenhouse has a novel fan-pad system with a pre-chamber and air distribution using six
perforated air ducts distributed between the crop rows. To reduce the horizontal temperature gradient
inside the greenhouse, the fan-pad system and the cooling chamber are installed on the south side of
the greenhouse. The pad dimensions (CELdek 7060−15, Munters, Stockholm, Sweden) are 1.5 m high,
7 m long with a thickness of 0.1 m. Two pads are used to cool the greenhouse, with a total length of
14 m. The lower edge of the pad is located 1.0 m from the ground (1, Figure 2A).
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The pre-chamber facilitates the flow of cooled air into the greenhouse due to its dimensions and
its rectangular triangular-prism shape. Its depth at ground level is 1.8 m, with a width of 16.0 m
and a height of 4.0 m (2, Figure 2A). On its lower transversal edge, six extractors with a maximum
unit capacity of 6000 m3 h−1 are installed, which can replenish the air up to 20 times per hour
(3, Figure 2A). This fan-pad system value is considered a reasonable compromise between cooling and
water consumption [26].

Each extractor is connected to a flexible 0.6 m diameter transparent polyethylene air duct. These
air pipelines run through the greenhouse between each pair of adjacent crop rows, resting on the
ground (Figure 2B). The ducts are 17.0 m long and are drilled every 0.5 m with four small holes (0.02 m
in diameter) allowing the cooled air from the cooling pre-chamber to be directed close to the plants.

2.3. Sensors and Data Collection System

For the data collection, ventilated temperature and humidity sensors (Higro Botón, Plug&Track,
Willems, France) and radiation sensors (LI−190R, LI-COR, Lincoln, Nebraska, USA) were placed in
the central greenhouse area. The temperature and humidity sensors were positioned at a height of
1.5 m above the ground to determine the effect of the fan-pad system on the crop environment, while
the radiation sensor was installed 2.0 m above the ground (Figure 3). A ventilated temperature and
humidity sensor (Higro Botón, Plug&Track, Willems, France) was also installed above a distribution
line, 1.0 m from the ground and 1 m from the end of the inflatable air ducts. In the central area
of the pre-chamber, at a height of 1.5 m, ventilated temperature and humidity sensors were placed
(Higro Botón, Plug&Track, Willems, France). A temperature sensor was installed inside the fan-pad
system’s water supply tank.
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sensors used.

The experimental facility where the tests were carried out has a weather station (HortiMaX,
West Sussex, England) that provides temperature, relative humidity, solar radiation, wind speed and
wind direction data from outside the greenhouse. All the climate data are recorded every minute.

2.4. Analysis of the Fan-Pad System Operation

The saturation efficiency value of the fan-pad system (EFI, %) was determined using the expression:

EFI = 100·(To − Tc)/(To − Twb), (1)

Abbreviations and subscripts are explained in the appendix. Similar to the EFI value, the fan-pad
system’s evaporative performance (EP, %) was defined by the relationship between the actual mass of
evaporated water in the pad and the maximum possible that could evaporate from the initial state of
the outside air:

EP = 100·(ωc −ωo)/(ωwb −ωo), (2)
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The mass of evaporated water per unit of air mass circulating through the pad, or the specific
mass, mw/ma (kg kg−1), is:

mw/ma = (ωc −ωo), (3)

The mass of evaporated water per unit of air mass, of time, of pad area, of temperature increase,
or unit mass, pw (g kg−1 h−1 m−2 ◦C−1), is:

pw = 60·mw/[ma·t·A·(To − Tc)], (4)

The sensible heat per unit of treated air mass, qs (J kg−1), is:

qs = (hac + ωc·cvc·Tc) − (hao + ωo·cvo·To), (5)

The latent heat per unit of treated air mass, ql (J kg−1), is:

ql = ωc·Lvc −ωo·Lvo, (6)

2.5. Testing Schedule

In order to analyse the fan-pad system under the most demanding conditions and to reduce the
influence of the solar radiation variation, the tests were carried out in the central hours of the day
during August. The values of the properties indicate the extreme conditions typical of a Mediterranean
climate during a summer period, the average maximum temperature for Almeria in August being
29 ◦C with a minimum of 22 ◦C [27]. The tests are designed to determine the effect of the fan-pad
system and the other actuators on the greenhouse climate, both separately and together, under different
climatic conditions. The schedule was as follows:

• Test 1 (Fan-pad system, P). In the initial state, the ventilation is closed, the shading screens are
drawn back and the temperature is constant. The fan-pad system is then activated until the
temperature and humidity remain constant.

• Test 2 (Increased ventilation, V > 0). In the initial state, the ventilation is closed, the shading
screens are drawn back and the temperature is constant. The greenhouse is then ventilated in 20%
steps for 20-min periods until the temperature and humidity remain constant.

• Test 3 (Reduced ventilation, V < 0). In the initial state, the ventilation is completely open,
the shading screens are drawn back and the temperature is constant. The ventilation is then closed
in 20% steps for 20-min periods until the temperature and humidity remain constant.

• Test 4 (Shading screens, S). In the initial state, the ventilation is closed, the shading screens are
drawn back and the temperature is constant. Then, the shading screens are opened out for 2 h.

• Test 5 (Ventilation and shading screens, V + S). In the initial state, the ventilation is completely
open, the shading screens are drawn back and the temperature is constant. Then, the shading
screens are opened out for 2 h.

• Test 6 (Fan-pad system and ventilation, P + V). In the initial state, the ventilation is completely
open, the shading screens drawn back and the temperature is constant. The fan-pad system is
then activated until the temperature and humidity remain constant.

• Test 7 (Fan-pad and shading system, P + S). In the initial state, the ventilation is closed, the shading
screens are opened and the temperature is constant. The fan-pad system is then activated until
the temperature and humidity remain constant.

• Test 8 (Fan-pad system, ventilation and shading, P + V + S). In the initial state, the ventilation is
completely open, the shading screens are opened and the temperature is constant. The fan-pad
system is then activated until the temperature and humidity remain constant.

• Tests 9–16. Repeat of tests 1 to 8.
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Table 1 shows the tests performed, their start and end time, the status of each actuator during
the test (0: Off; 1: On) and the average outdoor air property values during the tests (temperature, T,
relative humidity, RH, solar radiation, R, wind speed, v, and wind direction, D).

Table 1. Tests performed. The initiation, end, duration and average values for the outdoor climate
properties during testing (fan-pad system, S; ventilation, V; shading, S; 0: Off; 1: On).

Test Date On/Off (hh:mm) P V S T (◦C) HR (%) SR (W m−2) v (m s−1) D (Angle, ◦)

1 (P) 21/08 13:00/14:00 1 0 0 31.7 35 848 4.5 88
2 (V > 0) 09/08 13:00/15:00 0 1 0 28.3 66 904 4.4 190
3 (V < 0) 04/08 13:00/15:00 0 1 0 32.5 36 893 3.5 185

4 (S) 12/08 13:00/14:00 0 0 1 31.0 31 906 6.1 99
5 (V + S) 03/08 13:00/15:00 0 1 1 30.5 54 890 3.7 190
6 (P + V) 23/08 13:00/14:00 1 1 0 27.4 67 868 3.5 198
7 (P + S) 22/08 13:00/14:00 1 0 1 30.4 35 863 4.8 177

8 (P + V + S) 18/08 13:00/14:00 1 1 1 28.9 66 857 3.5 157
9 (V > 0) 11/08 13:00/15:00 0 1 0 28.5 39 903 5.8 119
10 (V < 0) 07/08 13:00/15:00 0 1 0 28.4 77 568 3.8 185

11 (S) 13/08 13:00/14:00 0 0 1 30.2 35 852 5.2 94
12 (V + S) 08/08 13:00/15:00 0 1 1 28.1 77 673 4.6 161
13 (P + V) 25/08 13:00/14:00 1 1 0 28.2 66 843 3.8 193

14 (P + V + S) 24/08 13:00/14:00 1 1 1 26.5 63 869 4.5 195

In general, the tests took place on sunny days with little wind. The roof opening and closing tests
(V > 0 and V < 0, respectively) were carried out in dry and humid weather. The shading (S) tests took
place when the weather outside was dry. The outdoor weather was sunny and dry in the fan-pad
system (P) tests and when combined with shading (P + S). In the P tests, which included ventilation
(P + V and P + S + V), the weather was humid.

3. Results

3.1. Characterization of the Fan-Pad System Operation

To improve operational understanding of the new fan-pad system (with distribution air ducts)
used in this work, we first analysed the effect of the fan-pad system on the greenhouse. A psychrometric
assessment was then performed, indicating that the treated air not only experienced evaporative
cooling in the pad, but also that heating occurred in the pre-chamber. Different operating parameters
for the fan-pad system were then determined to quantify the sensible and latent energy transfers and
to relate their value to the outside climate. Finally, the theoretical functioning of the fan-pad system
was analysed to establish its possible application to greenhouse cooling under extreme conditions.

3.1.1. Effect of the Fan-Pad System on the Temporal Climate Evolution in the Greenhouse

Figure 4 shows the evolution over time of T and RH, both outdoors and inside the greenhouse,
during test 1. The temporal evolution of ωg presents a maximum value at 8 min from the start of the
test, followed by a rapid decrease (data not shown). At that instant, the Tg and RHg began to vary,
probably due to the transient nature of the process.

Initially, the values in the greenhouse of T, Tg, and RHg were greater than those recorded outside,
To and RHo. The performance of the fan-pad system over 50 min caused a 3.7 ◦C reduction in Tg, until
it reached a value similar to that of To. For the first 8 min, Tg and RHg barely changed. During the next
20 min, the fan-pad system modified the Tg from 35.1 to 30.5 ◦C in 28 min, while the RHg increased
from 68% to 73%.
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Figure 4. Temporary evolution of the temperature (T, ◦C, on the main axis; in the greenhouse, green,
and outdoors, red) and relative humidity (RH, %, on the secondary axis; in the greenhouse, blue,
and outside, black) during test 1 using the fan-pad system.

3.1.2. Psychrometric Assessment of the Fan-Pad System with Distribution Air Ducts

Figure 5 represents the variation in the state of the outside air (red), the air in the cooling chamber
(blue), the air transported by the inflatable air ducts (orange) and the air inside the greenhouse (green)
during test 1. Initially, the To value was similar to that of the pre-chamber, Tc (31.2 ◦C and 30.7 ◦C,
respectively) while Tg was higher, and at the end of the air ducts, Td was slightly higher (35.1 ◦C and
36.3 ◦C, respectively). These are extreme values due to the insulation of the greenhouse prior to test 1.
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Figure 5. State of the air outdoors (red), in the pre-chamber (blue), at the end of the air duct
(orange) and in the greenhouse (green) during test 1 when using the fan-pad system. The red arrows
represent the evaporative cooling of the air in the pad (which was tilted) and its heating (horizontal) in
the pre-chamber.

When circulating through the pad, the air undergoes evaporative cooling at the adiabatic constant
saturation temperature, i.e., at the wet bulb temperature, Twb, which is approximately constant.
The result is an increase in its specific humidity (ω, kg kg−1), a decrease in its T and a slight increase in
its RH. The evaporative cooling is represented in Figure 5 by the red slanted arrow. Its extreme indicates
the theoretical value of the air T at the output of the pad, Tp, even though the value of Tc is higher.
The difference between the state of the air at the pad outlet and in the pre-camera is due to energy
transfer, represented by the red horizontal arrow (ω = cte). The explanation for this pre-chamber air
heating is found in the elevated SR value during the test, the fan-pad system’s installation on the south
side of the greenhouse and the pre-chamber’s insufficient thermal insulation.
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Except at the initiation of test 1, there was great similarity between the evolution of the air state
in the pre-chamber and at the end of the distribution air ducts (blue and brown lines, respectively).
Therefore, this distribution system eliminates the high horizontal thermal gradient that is characteristic
of a conventional fan-pad system. Over the test period, the air in the greenhouse cooled and its
moisture content decreased (green line).

3.1.3. Fan-Pad System Operating Parameters

The average value of To–Tc during test 1 was 3.5 ◦C and the average value of Tg was 0.3 ◦C higher
than To (Table 2). The saturation efficiency values (EFI, %) and the sensible heat per unit of treated air
mass (qs, kJ kg−1) were 32.1% and 1.9 kJ kg−1, respectively.

Table 2. The average values and standard deviation of the different operating parameters for the
fan-pad system in test 1.

Operating Parameters Average Values ± Standard Deviation

To–Tc (◦C) 3.5 ± 0.1

To–Tg (◦C) −0.3 ± 0.2

EFI (%) 32.1 ± 1.0

EP (%) 34.7 ± 0.3

qs (kJ kg−1) 1.9 ± 0.2

ql (kJ kg−1) 17.0 ± 0.1

mw/ma (kg kg−1) 0.007 ± 0.000

pw (kg kg−1 h−1 m−2 ◦C−1) 0.006 ± 0.000

The average evaporative yield values (EP, %), latent heat per unit of driven air mass (ql, kJ kg−1),
evaporated water mass per unit of treated air mass (mw/ma, kg kg−1), and the evaporated water mass
per unit of air mass, time, pad area and temperature variation between the outside and the pre-chamber
(pw, kg kg−1 h−1 m−2 ◦C−1) were 34.7%, 17.0 kJ kg−1, 0.007 kg kg−1 and 0.006 kg kg−1 h−1 m−2 ◦C−1,
respectively. These results can be considered characteristic of a fan-pad system in a warm dry climate
(Table 1). When comparing the values of variables related to changes in T (EFI and qs) with those of
variables related to the evaporated water mass (EP, ql, mw/ma and pw), one can infer that the former are
unsatisfactory. This may be due to the fan-pad being sited on the south-facing side of the greenhouse
and the high SR value during the test, which caused an increase in the air T in the pre-chamber and
reduced the fan-pad system’s effectiveness.

A relationship between the EP and mw/ma values can be obtained from Equations (2) and (3).
Figure 6 shows the linear regressions between both variables for different RHo values. Table 3 shows
the values for the slope (A) and the ordinate origin (B). The greater mw/ma values correspond to low
EP values and are obtained when the RHo is low. The mw/ma values decrease as the RHo increases.
The lowest mw/ma values and the highest EP are presented when the RHo is elevated.

From the linear regressions shown in Table 3, it is possible to determine the mw/ma value as
a function of the exterior air state. Figure 7 shows the variation in mw/ma as a function of the To

for different RHo values. To analyse the behaviour of the fan-pad system under extreme weather
conditions, the To interval between 30.0 and 40.0 ◦C was chosen. The results indicate that the highest
mw/ma values occur in dry climates, regardless of the To value. The mw/ma values decrease when both
the To, and, above all, the RHo increase. Thus, the value of 0.005 kg kg−1, when To is 30.0 ◦C and RHo

is 30%, reduces to 68% of that value by increasing To to 40.0 ◦C if the RH is maintained, but decreases
to 26% of its initial value if the RH increases to 75% and To is kept constant; it reduces to 13% when the
To increases to 40.0 ◦C and the RHo increases to 75%.
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Figure 6. Relationship between the specific water consumption (mw/ma (kg kg−1) 103) and the EP (%)
as a function of the HR value of the outdoor air (75%, #; 60%, 4; 45%, �; and 30%, 5).

Table 3. Slope values (A) and the ordinate origin (B) of the linear regressions between the specific
water consumption (mw/ma (kg kg−1) 103) and the EP (%) for different outdoor RH values (RHo).
The determination coefficient value, R2, and its statistical significance (***, p < 0.0001) are also indicated.

103 mw/ma = A·EP + B
RHo, % A B R2

75 0.047 0.407 0.89 ***
60 0.078 0.648 0.73 ***
45 0.091 1.315 0.71 ***
30 0.103 2.336 0.79 ***
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Figure 7. Evolution of the specific water consumption (mw/ma (kg kg−1) 103) as a function of the
exterior temperature (T, ◦C) and relative humidity (RH, %) values.

The reduction in mw/ma due to the increase in To is more pronounced as the climate becomes drier.
The intensity of the decrease in the mw/ma value due to the increased RHo is lower as the To increases.

3.1.4. Evaporative Cooling Analysis

From the greenhouse cooling standpoint, the most important process that the air experiences in the
fan-pad system is evaporative cooling. In the pre-chamber, warming takes place, as represented by a red
horizontal arrow in Figure 4. A reduction in the Tc value improves the greenhouse cooling effectiveness
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of the fan-pad system although this requires increased thermal insulation of the pre-chamber and
represents an increase in cost. To decide on the suitability of this technical improvement, one needs to
know the maximum evaporative cooling value possible as a function of the outside climate.

In the process experienced by the air as it passes through the pad, the stationary mass and energy
balances can be expressed as:

hp (J kg−1) = (ωp −ωo)·hw + ho, (7)

where hp is the specific enthalpy (h, J kg−1) of the air resulting from the pad treatment, the first sum
representing the transfer of energy from the liquid water to the unit mass of the treated air, in J kg−1,
and ho is the specific enthalpy of the outside air.

Evaporative cooling takes place on the pad and there is no liquid water in the pre-chamber so the
ωp value coincides with that of ωc, which can be determined using Equation (3). Therefore, Equation
(7) allows us to obtain the hp value from the state of the outside air. Having obtained the values for
these two air properties at the pad outlet, you can determine the T value in that state, Tp. The results
based on the outdoor air properties are shown in Figure 8.
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Figure 8. Evolution of the air temperature when exiting the pad (Tp, ◦C) as a function of the exterior
temperature (T, ◦C) and relative humidity (RH, %) values.

If the RHo value is kept constant, the relationship between the To and the Tp values is a linear
regression. Table 4 shows the values of the slope (A) and the origin ordinate (B). The Tp values decrease
along with both the To and RHo values. The lower Tp values occur in dry climates, regardless of the
To value. The increase in Tp, due to an increase in To, is more pronounced as the climate gets drier.
The intensity of the increased Tp value, due to the increase in RHo, gets lower as the To increases.
In short, the behaviour of Tp as a function of the outside climate is contrary to that encountered when
analysing that of mw/ma (Figure 7).

Table 4. Values for the slope (A) and the origin ordinate (B) of the linear regressions between the air
temperature at the pad output (Tp, ◦C) and the outside temperature (To, ◦C) for different exterior
RH values. The determination coefficient value, R2, and its statistical significance (***, p < 0.0001) is
also indicated.

Tp (◦C) = A·To (◦C) + B
RHo, % A B R2

75 1.13 −5.58 0.99 ***
60 1.23 −10.83 0.99 ***
45 1.30 −15.91 0.99 ***
30 2.39 −23.11 0.99 ***
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The behaviour of the evaporative cooling value, To–Tp, in function of the state of the outside air is
similar to that described for mw/ma. Thus, To–Tp has a value of 11.4 ◦C when To is 30.0 ◦C and the
RHo is 30%; this is reduced to 7.5 ◦C if the To is 40.0 ◦C and the RH is 30%, decreases to 2.4 ◦C if the To

is 30.0 ◦C and the RH is 75% and finally reduces to 1.1 ◦C when the To is 40.0 ◦C and the RHo is 75%
(Figure 9).

Agronomy 2020, 10, x FOR PEER REVIEW 12 of 21 

 

 
Figure 9. Evolution of the evaporative air cooling on the pad (To–Tp, °C) as a function of the exterior 
temperature (T, °C) and relative humidity (RH, %) values. 

3.2. Evaporative Pad Behaviour in Combination with the other Actuators 

The complete operational analysis of the new fan-pad system used in this work needs to be 
studied in combination with the most used cooling systems, natural ventilation and shading. First, 
the test results using natural ventilation and shading are presented, both separately and together. 
Then, the test results for the fan-pad system used in combination with both actuators are presented. 

3.2.1. Effect of Natural Ventilation and Shading Screens on the Greenhouse Climate 

Natural Ventilation 

Figure 10 represents the effect on Tg of a staggered ventilation dynamic (tests 2 and 9). The 
greenhouse was initially kept closed for 20 min (between 13:00 and 13:20 h). A 20% opening for 15 
min (between 13:20 and 13:40 h) resulted in a 3.0 °C reduction in the Tg value. The total reduction in 
Tg over 100 min of ventilation (between 13:20 and 15:00 h) was 6.3 °C in test 2 and 4.7 °C in test 9. The 
wettest outdoor climate during test 2 (Table 1) allowed for a greater decrease in the Tg. 

When closing the greenhouse, the increase in Tg varied as a function of the outside climate. 
Thus, during test 3, the outdoor climate was hot, dry and sunny, and the increase in Tg was double 
that recorded in test 10, with a lower To value, greater RHo and less SR. On the other hand, the RHg 
also increased during test 3 although this effect was not seen in test 10. Due to its larger RHo, the 
outside air required more energy to increase its T when entering the greenhouse in test 10 than in 
test 3. However, in test 10 there was less energy available since the average SR value was 570 W m−2 
whereas in test 3, it was 890 W m−2. This would explain the lower Tg values and higher RHg values 
during test 10. In test 3, the Tg was greater due to the higher SR and the lower RHo. 

 
 
 
 
 
 
 
 
 
 

Figure 9. Evolution of the evaporative air cooling on the pad (To–Tp, ◦C) as a function of the exterior
temperature (T, ◦C) and relative humidity (RH, %) values.

The great similarity between the mw/ma value and the evaporative cooling value is a consequence
of the Tp value only being due to the evaporative cooling in the pad. Thus, the relationship between
To–Tp and mw/ma is equal to the ratio between the latent heat of water vaporization, Lv, and the
specific heat of the dry air, ca, which remains practically constant, regardless of the RHo value
(Lv/ca ≈ 2430 kg ◦C kg−1).

3.2. Evaporative Pad Behaviour in Combination with the other Actuators

The complete operational analysis of the new fan-pad system used in this work needs to be
studied in combination with the most used cooling systems, natural ventilation and shading. First,
the test results using natural ventilation and shading are presented, both separately and together. Then,
the test results for the fan-pad system used in combination with both actuators are presented.

3.2.1. Effect of Natural Ventilation and Shading Screens on the Greenhouse Climate

Natural Ventilation

Figure 10 represents the effect on Tg of a staggered ventilation dynamic (tests 2 and 9).
The greenhouse was initially kept closed for 20 min (between 13:00 and 13:20 h). A 20% opening for
15 min (between 13:20 and 13:40 h) resulted in a 3.0 ◦C reduction in the Tg value. The total reduction
in Tg over 100 min of ventilation (between 13:20 and 15:00 h) was 6.3 ◦C in test 2 and 4.7 ◦C in test 9.
The wettest outdoor climate during test 2 (Table 1) allowed for a greater decrease in the Tg.

When closing the greenhouse, the increase in Tg varied as a function of the outside climate. Thus,
during test 3, the outdoor climate was hot, dry and sunny, and the increase in Tg was double that
recorded in test 10, with a lower To value, greater RHo and less SR. On the other hand, the RHg also
increased during test 3 although this effect was not seen in test 10. Due to its larger RHo, the outside air
required more energy to increase its T when entering the greenhouse in test 10 than in test 3. However,
in test 10 there was less energy available since the average SR value was 570 W m−2 whereas in test
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3, it was 890 W m−2. This would explain the lower Tg values and higher RHg values during test 10.
In test 3, the Tg was greater due to the higher SR and the lower RHo.Agronomy 2020, 10, x FOR PEER REVIEW 13 of 21 
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Figure 10. The temperature (indoor, green, and exterior, red) and relative humidity dynamic (indoor,
blue, and exterior, black) for the roof ventilation tests between 13:00 and 15:00. Opening (∆V > 0; test 2,
(A) and test 9, (B)); Closing (∆V < 0; test 3, (C) and test 10, (D)).

Shading Screens

The weather outside was warm and dry during tests 4 and 11, which determined the effect of
shading on the Tg. Consequently, Figure 11 shows only the temporal climate evolution during test 11.
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Figure 11. Temperature dynamics (indoor, green, and outdoor, red) and relative humidity (indoor, blue,
and outdoor, black) during shading test 11 between 13:00 and 15:00 h.

Prior to the test, the greenhouse was kept closed for 2 h, so the initial Tg and RHg values were
elevated. The shading screen reduced the difference between Tg and To from 5.0 to 2.0 ◦C in 1 h in test
11. In test 4, the greenhouse cooling was slightly lower due to the higher SR value (Table 1).

Natural Ventilation and Shading Screens

In test 5, the outdoor climate was dry, and the SR value was high, so the evolution of the Tg

increased slightly and showed some divergence from the evolution of To, which was practically
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constant. In test 12, the outdoor climate was humid and the SR value low, so the evolution of the Tg

descended and tended to converge with the evolution of To, which also descended (Figure 12).
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3.2.2. Effect of Combining the Fan-Pad System with Natural Ventilation

Before starting trials 6 and 13, maximum roof ventilation was maintained in the greenhouse for
2 h. The results in both tests were very similar due to the outdoor climate, which was practically
identical: warm, humid and sunny (Table 1). Therefore, Figure 13A shows the results of test 6. When
using the fan-pad system, the evolution of the Tg value was a function of Tc; thus, it is considered
appropriate to use the psychrometric diagram to improve the analysis of combining actuators with the
processes developed in the pre-chamber.

The initial Tg was 30.1 ◦C, decreasing to its minimum value of 28.7 ◦C in 17 min, where it remained
virtually constant until the end of the test. The high SR value resulted in high crop transpiration that
increased the ωg value (green line; 19 g kg−1) slightly above the ωd value (orange line; 18 g kg−1) and
the ωo value (red line; 15 g kg−1). On the other hand, there were hardly any differences between the
air state in the pre-chamber and at the end of the distribution air duct (Figure 13A).

Under the test conditions, the effect of natural ventilation was limited due to the low vo value
(Table 1) and the high ωg value (Figure 13A). Combining the fan-pad system with natural ventilation
presented difficulties in reducing the Tg. Thus, the average Tg value was 1.6 ◦C greater than that for
To, and that of Tc was 1.4 ◦C less than that for To. The average EFI value was 29.2% and the EP value
was 34.5% (Table 5).

Table 5. Average values and standard deviation of the different fan-pad system operating parameters.
The tests analysed are the fan-pad system (P) together with roof ventilation (P + V, test 6), with shading
(P + S, test 7) and with both (P + V + S, test 8).

Operating Parameters P + V P + S P + V + S

To–Tc (◦C) −1.4 ± 0.0 6.2 ± 0.1 1.7 ± 0.0
To–Tg (◦C) −1.6 ± 0.1 3.1 ± 0.1 0.5 ± 0.0

EFI (%) 29.2 ± 0.8 52.3 ± 0.8 34.4 ± 0.5
EP (%) 34.5 ± 0.4 29.9 ± 0.4 28.7 ± 0.3

qs (kJ kg−1) 0.3 ± 0.1 −3.0 ± 0.2 −0.4 ± 0.1
ql (kJ kg−1) 6.6 ± 0.1 14.9 ± 0.2 6.3 ± 0.1

mw/ma (kg kg−1) 0.003 ± 0.000 0.006 ± 0.000 0.003 ± 0.000
pw (kg kg−1 h−1 m−2 ◦C−1) 0.006 ± 0.000 0.003 ± 0.000 0.004 ± 0.000
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Figure 13. The state of the air outside (red), in the pre-chamber (blue), at the air duct end (orange) and
in the greenhouse (green) during the fan-pad (P) system tests combined with roof ventilation (V) and
shading (S) ((A): Test 6, P + V; (B): Test 7, P + S; (C): Test 8, P + V + S).

3.2.3. Effect of Combining the Fan-Pad System with the Shading Screens

The greenhouse remained closed and shaded for 2 h before the start of the trial, which explains the
high initial Tg and RHg values (33.3 ◦C and 84%, i.e., an initial ωg value of 28 g kg−1; Figure 13B). Under
these conditions, pad activation for 20 min reduced the Tg and RHg to 28.4 ◦C and 75%, representing a
ωg of 18 g kg−1. The Tg was constant for the first 6 min while the RHg decreased to 74% in the first
10 min.

The combined pad and shade action resulted in a drop of 6.2 ◦C in the Tc and of 3.1 ◦C in the Tg

with respect to To. Environmental humidity in the greenhouse decreased with evaporative cooling.
This might be because of its high initial value given the absence of ventilation, and because the outdoor
climate was warm and dry during the test (Table 1).

3.2.4. Effect of Combining the Fan-Pad System with Natural Ventilation and Shading Screens

The greenhouse was maintained with maximum roof ventilation and shading from 2 h before
starting the tests. Thus, the initial Tg value was 30.5 ◦C, which was above the To (28.9 ◦C; Figure 13C).
The Tg began to decrease after 2 min of evaporative pad operation, reaching a value of 28.6 ◦C at 15 min
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and 28.1 ◦C at 35 min from the start of the test, and remained constant from then on, below the To

value, which was 28.8 ◦C at the end of the test.
In relation to the outside, the Tg was reduced by 0.5 ◦C and the Tc by 1.7 ◦C. The weather outdoors

during the test was sunny and humid (Table 1). The high RHg value indicates a limited ventilation
effect from shading. In addition, the T reduction was limited when compared to the other tests, which
could be a result of low evaporative pad efficiency due to the humid outdoor climate.

4. Discussion

The different climatic conditions during the tests (Table 1) have allowed us to comprehensively
analyse the operation of the fan-pad system using distribution air ducts. The fan-pad system tested in
this work has a specific area of 0.06 m2 m−2 of greenhouse, slightly higher than the usual values, while
the air circulation rate in the pad is approximately 1.0 m s−1, the recommended value for this type
of facility [24]. It is, therefore, estimated that mass and energy transfers in the pad have taken place
under appropriate conditions. As for the design of the tests, based on the evolution of the greenhouse
climate, we consider it to have been appropriate.

4.1. Fan-Pad System and Air Duct Distribution

In the evaporative cooling process, the outside air yields energy to the water that evaporates in the
pad, moistening and cooling it. The value of the air temperature drop varies depending on its initial
state and on the mass and energy transfers during the process. If the outdoor climate is dry, the values
for the evaporated water mass and the drop in air temperature increase. Therefore, the fan-pad system
is more efficient and consumes more water in warm climates. During test 1, the exterior relative
humidity was 35%, so the fan-pad system operation could be considered adequate. The fact that the
average temperature value inside the greenhouse was 0.3 ◦C higher during the test than outside is due
to the initial conditions (closed for 2 h without shading). Other works reported similar results [28,29].

In test 1, the average value of specific water consumption was 0.007 kg kg−1, similar to the values
reported in other works with conventional fan-pad systems in semi-arid climates ([30,31]. On the other
hand, the average value for the specific consumption per unit of time, pad area and temperature increase
was 0.006 kg kg−1 h−1 m−2 ◦C−1, with an average value for the treated air speed of 1.0 m s−1. [18,19],
under laboratory conditions with similar pads, determined values of 0.015 kg kg−1 h−1 m−2 ◦C−1 for
the same air rate value on the pad. The differences between these results may be due to the different
initial state of the air to be treated.

In general, the values for the variables related to energy transfer in the form of latent heat (EP, ql,
mw/ma y pw) are adequate (Table 2). However, for the variables related to sensible heat transfer (EFI and
qs), the opposite occurs. The energy transferred in the form of latent heat per unit of evaporated water
mass can be determined as ql/(mw/ma). Its value must match the latent heat of water vaporization
(Lv, J kg−1). Under the test conditions, the value of ql/(mw/ma) was 2464 kJ kg−1 while the average Lv

value between the outdoor and pre-chamber conditions was 2431 kJ kg−1. Similar results were obtained
in all the tests performed. On the other hand, the energy transferred in the form of sensible heat per unit
of evaporated water mass is qs/(mw/ma). Under the test conditions, its value was 275 kJ kg−1, that is to
say, an energy transfer that increased the air temperature value. The cause of this positive qs value
was the installation of the pre-chamber on the south side of the greenhouse, its low thermal insulation
and the high solar radiation value during the test. This results in an increased air temperature in the
pre-chamber, and with it, a reduction in the fan-pad system’s efficiency value.

The theoretical air temperature value at the pad outlet and the maximum possible evaporative
cooling value were determined as a function of the weather outdoors under extreme conditions
(Figures 8 and 9). The results are similar to those obtained in another work on evaporative cooling [29].
Under the test conditions, the average temperature value in the pre-chamber was 28.6 ◦C. However,
the air temperature value at the pad outlet due to evaporative cooling under such conditions can be
obtained by interpolating the regressions indicated in Table 4, resulting in a value of 22.4 ◦C. This value
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represents a significant improvement in the saturation efficiency of the fan-pad system, at 85%, slightly
higher than those obtained under laboratory conditions with the same material [19,32] due to the
different initial air state.

One of the main problems of conventional fan-pad systems is the important horizontal temperature
gradients they produce. The amplitude of their incidence can be reduced if the fan-pad system is
combined with shading screens and circulation fans [17]. In the test performed, the temperature
variation between the pre-chamber and the end of the distribution air ducts was negligible.

To estimate the desirability of improving the pre-chamber’s thermal insulation, it is necessary to
analyse the cost, the possible evaporative cooling as a function of the outdoor climate and the increase in
production, quality and benefits that can be achieved by reducing the greenhouse temperature, amongst
other factors. The value of evaporative cooling and, consequently, that of the fan-pad system’s efficiency,
decreases both with increasing temperature, and in particular, the increasing relative humidity of the
air outside (Figure 9). It has been suggested that evaporative cooling in a greenhouse using a fan-pad
system is not effective when the temperature and relative humidity of the outdoor air exceed 35 ◦C and
60%, respectively [31]. However, it has been successfully tested in a subtropical climate where there
was humidity of 70% [17]. The novel system used in this work can be effective in cooling greenhouses
under extreme conditions. Considering the effect of the outdoor climate on the evaporative cooling
value, thermally insulating the pre-chamber can be cost effective regardless of the outdoor climate.
In addition, prior conditioning of the treated air to reduce its temperature and/or humidity could be
interesting. [33] reported improved evaporative cooling efficiency by pre-cooling the treated air.

4.2. Combining the Fan-Pad System and Air Duct Distribution with Other Actuators

Natural ventilation depends on numerous factors such as the greenhouse size, the number of
modules, the size and layout of the windows, the use of anti-pest screens, the wind speed and
direction, the solar radiation and the weather conditions [34,35]. In this work, roof ventilation was
the most effective cooling system when the outdoor climate was humid (Figure 10, test 2). These
results are consistent with those of [36]. These same authors stated that, in areas with dry climates,
the evaporative pad may be more efficient than natural ventilation. To analyse the effect of ventilation on
fan-pad system operation, one can compare tests 1 and 6 with tests 7 and 8. In tests where there is no
ventilation (1 and 7), the outdoor climate is hot and dry, whereas when ventilation is used (tests 6 and 8),
the outdoor climate is hot and humid. In general, the operating parameter values were worse in the
tests with ventilation. The behaviour of the unit mass of evaporated water stands out; this was equal
to 0.003 kg−1 h−1 m−2 ◦C−1 in tests 1 and 6 and increased from 0.003 kg kg−1 h−1 m−2 ◦C−1 in test 7 to
0.004 kg kg−1 h−1 m−2 ◦C−1 when adding ventilation (test 8, Table 5). The worst operating parameter
results for the fan-pad system were associated with the warm and humid outdoor climate. However,
the increase in unit mass seems to indicate greater difficulty of the fan-pad system in reducing the
greenhouse temperature due to the ventilation.

The outdoor climate may be the main factor influencing the fan-pad system, although air tightness
is also a key factor in its operation [17]. The hottest air accumulates next to the greenhouse cover due to
its lower density. However, the overhead ventilation used to evacuate it causes an increase in turbulence
that affects the efficiency of the fan-pad system and the uniformity of temperature throughout the
greenhouse. Nevertheless, air distribution using air ducts is not affected by the turbulence caused by
natural ventilation, so horizontal thermal gradients are avoided.

During the tests with the fan-pad system, and when combined with shading (tests 1 and 7),
the outdoor climate was very similar (hot and dry) so the results are comparable (Table 1). Shading
considerably improves the operation of the fan-pad system since the average temperature value in the
greenhouse was 3.1 ◦C lower than outside; whereas, in test 1, with the fan-pad system, it was 0.3 ◦C
higher (Tables 2 and 5). In addition, the difference between the air temperature in the pre-chamber
and at the pad output reduced from 6.2 ◦C to 4.7 ◦C as a result of shading. Finally, the values for



Agronomy 2020, 10, 752 17 of 20

the specific and unit masses of evaporated water reduced from 0.007 to 0.006 kg kg−1 and from
0.006 kg kg−1 h−1 m−2 ◦C−1 to 0.003 kg kg−1 h−1 m−2 ◦C−1, respectively.

The shading effect was also observed when the climate was hot and humid, as deduced when
comparing the test 6 results, in which the fan-pad system was combined with roof ventilation, and those
for test 8, in which shading was added. The average temperature value in the greenhouse went from
1.6 ◦C higher than outside in test 6, to 0.5 ◦C lower in test 8, due to shading (Table 5). Moreover,
the difference between the air temperature in the pre-chamber and at the pad output decreased from
2.0 ◦C to 1.5 ◦C when shading was employed. Lastly, the specific mass values of the evaporated water
decreased from 0.006 kg kg−1 h−1 m−2 ◦C−1 to 0.004 kg kg−1 h−1 m−2 ◦C−1. These results are similar
to those of other authors [13,14,28,36,37]. The shading screen results reduced the volume of air that
needed to be cooled. [38,39] investigated the operation of a fan-pad system in Greece, concluding
that shading is not necessary in dry climates. [17] reported a reduction in greenhouse temperature in
the warm, humid climate of Southeastern China (Shanghai) when combining a fan-pad system and
shading. However, this combination is limited by low crop transpiration [24].

The ratio value between the specific latent heat and the specific evaporated water mass, ql/(mw/ma),
roughly coincides with the latent heat value of the water vapour in all the tests performed. Nonetheless,
when considering sensible heat, qs/(mw/ma), the result varies with the outdoor climate and the
combination of actuators used. With the exception of the shading tests, the sensible heat from solar
radiation was transferred into the air in the pre-chamber (qs > 0). When shading was used, the sensible
heat was transferred from the treated air (qs < 0). The values for such transfers were higher when the
weather was dry than when it was humid (Table 5).

In all the tests performed with the fan-pad system, the specific humidity value of the treated
air at the end of the diffuser air ducts was lower than that of the greenhouse air (Figures 5 and 13).
According to [14], in Almeria, the mass of water evaporated by a fan-pad system is approximately 25%
that of the transpiration value for a greenhouse crop. When shading was used, the decrease in specific
moisture indicated reduced transpiration due to the action of solar radiation being limited. However,
when ventilation was used, the specific moisture value tended to increase in the greenhouse.

5. Conclusions

In this work, the operation of a novel fan-pad system with a pre-chamber and air distribution using
perforated air ducts located next to the plants was analysed under extreme conditions. The greenhouse
cooling was efficient, and the distribution system avoided the characteristic horizontal thermal gradients
of the commonly used fan-pad systems. Determining the theoretical value of the air temperature
when exiting the pad allows us to estimate the maximum evaporative cooling value as a function
of the outdoor climate. Under extreme conditions, fan-pad system efficiency decreases along with
increased air temperature and, above all, the increased relative humidity of the outside air. The results
obtained indicate that fan-pad system operation improved when combined with shading. In contrast,
combining it with roof ventilation was not beneficial. When the outdoor climate is warm and humid,
natural ventilation can be the most efficient method to control temperature; however, if the outdoor
climate is hot and dry, the evaporative pad is more effective, especially when combined with shading.
The increased air temperature in the pre-chamber due to the action of solar radiation limits the
efficiency value of the fan-pad system. It would be advisable to determine the effects of changing the
system design, such as improving the pre-chamber’s thermal insulation to reduce the temperature
and/or humidity of the air to be treated. The effect of these measures on the economic performance of
greenhouse agriculture should be quantified economically to help businesses specialising in this sector
decide on its suitability. Likewise, the possibility of building portable systems should be explored,
which can be used when there are high temperatures. Furthermore, the effect of the fan-pad system
and the distribution of air alongside the plants on crop transpiration and plant canopy temperature
should be evaluated. The results of such studies would help us to design greenhouse climate control
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strategies that would allow water and energy consumption in plant production under plastic promoting
agricultural business resilience to climate change.
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Abbreviations

c Specific heat (J kg−1 ◦C−1)
D Wind direction (◦)
EFI Efficiency of air saturation when circulating through the fan-pad system (%)
h Enthalpy per unit of dry or specific air mass (J kg−1)
m mass (kg)
mw/ma evaporated water mass per unit of treated air mass or specific mass of evaporated water (kg kg−1).

pw
evaporated water mass per unit of treated air mass, time, pad area and temperature difference
between the outside and the pre-chamber

q Energy transferred in the form of heat per unit of dry air mass (J kg−1)
RH Relative humidity (%)
SR Solar radiation intensity (W m−2)
EP Water evaporation performance in the fan-pad system (%)
T Dry bulb air temperature (◦C)
v Wind speed (m s−1)
ω Specific air humidity (kg kg−1)
Subscripts
a dry air
c pre-chamber
g greenhouse
d duct
l latent
o exterior
p pad
s sensible
v vapour
w water
wb wet bulb
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