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Abstract

:

The expansion of protected agriculture has technological, climatic, and topographic limitations. The agricultural regions of Costa Rica use the greenhouse concept and adapt it to its conditions. The objective of this work was to describe the variation in temperature and humidity in a greenhouse ventilated passively and on land with a more than 45% slope. To evaluate the environment inside the greenhouse, temperature and humidity variations were measured with a weather station installed outside of the greenhouse to measure the external environment. Inside the greenhouse, 17 sensors were placed to measure the temperature (T) and relative humidity (RH). During data recording inside the greenhouse, tomato crops were in the fruit formation stage, and pepper was less than one week old. Six scenarios were tested to determine the air temperature and humidity dynamic under different climatic conditions. An evaluation of the greenhouse environment was carried out employing an analysis of variance of temperature and RH to establish if there are significant differences in the direction of the slope of the cross-section. The uniformity of temperature and RH do not present stratifications derived from wind currents that can affect the effective production of these crops.
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1. Introduction


Advances in technology have brought solutions in regions with adverse climatic conditions. The objective is to produce crops with the efficient use of natural resources to avoid fossil energy to improve the quality and yield of crops all year long. These structures have had to evolve to answer each condition and necessity. Tropical conditions imply high humidity, and topographic restrictions mean that greenhouses must be built on a non-plane surface, in which there are hardly any management systems for climate control.



Passive ventilation is used in greenhouses to evacuate heat excess, which occurs at specific times due to insolation, which is characterized as a function of geographic localization (latitude) and topographic condition (high over sea level). In a greenhouse, windows in different positions (roof, lateral or frontal) are used to maintain an adequate environment for crops. The density of crops and the design of the greenhouse also contribute to air renovation and, consequently, better climatic conditions [1,2,3].



Greenhouses in Costa Rica have slowly increased functional crop production: in 2010, 681 greenhouses covered an area of 688.23 hectares. Most of the existing greenhouses are artisanal; therefore, there are problems regarding climate control of the variables used to obtain better environmental conditions for crops in greenhouses, affecting the production quality [4,5,6]. For this reason, natural ventilation has become one of the most important phenomena for managing the environmental conditions inside the structure. Through the airflows generated by the difference in pressures, it is possible to regulate temperature (T°) and relative humidity (RH) surplus into the greenhouse [7,8].



Greenhouse evolution and the prospect of achieving better environmental conditions are central to knowledge concerning climate condition [9,10]. The condition of crops within a greenhouse depends a combination of climate factors such as radiation, and, consequently, temperature (T °C), relative humidity (RH %), carbon dioxide (CO2, ppm), vapor pressure deficit (VPD, Pa), etc. each of which determine the condition of crops along their lifecycle [11,12]. In addition to agronomic conditions, auxiliary climatic systems are also defined as a function of energy variables such as temperature and relative humidity [13].



Climatic restrictions for the establishment and operation of greenhouses were normally exposed and fixed with natural or mechanical ventilation systems [9]. Even though other restrictions exist for the expansion of protected agriculture, such as those with topographic land characteristics, these have not been documented. In specific regions of Costa Rica, they are typically used for agricultural production in an irregular topographic land as an optional crop production system under controlled environments; however, if the optimum conditions have not existed, the adaptation can be expensive and prevent the benefits of its use. Such an aspect can become one of the most delimitated factors when a project to build such a greenhouse is undertaken.



Throughout the world it is common to build greenhouses on a plane surface to facilitate agronomic labour. The idea of the use of a sloping greenhouse, in general, was to avoid, per se, problems such as the concentration of water and nutritive solution in the irrigation systems and non-uniformity concentration of heat and moisture. However, there are few studies concerning the environmental performance of greenhouses in hillside regions and the subject is relatively unknown [6,14].



Natural ventilation is a prominent phenomenon responsible for managing the environmental conditions inside greenhouses. The airflows generated by the difference in thermal or wind pressure regulate the thermal and humidity excesses inside a greenhouse [7,15]. Moreover, these same airflows are responsible for exchanging air between the interior and exterior, improving thermal and CO2 conditions [16].



The study of natural ventilation in agricultural structures is not a simple activity to perform experimentally. Although the development of climate monitoring equipment allows the study of air flows through sonic anemometry and temperature sensors, anemometers only allow estimating the velocity and direction of airflow at a spatial point for a given time [17,18,19].



The objective of this work was to describe the variation in temperature and humidity in a greenhouse ventilated passively and with a land slope of more than 45%. In addition to this analysis, with the climatic information and analysis, in future investigations, the use of CFD simulation will be possible to contribute to achieving the design and climate management of this kind of greenhouse.




2. Materials and Methods


2.1. Study Area Localization Zone


The greenhouse used in this study is located at Zarcero, in the province of Alajuela (10°14′19.2′′ N, 84°22′58.8′′ W) with an altitude of 1875 masl built on land with a more than 45% slope, which represents the local characteristics in the Alajuela region under tropical conditions for cultivation [20,21]. According to the Köppen–Geiger climate classification, the predominant climate in the region is classified as Aw. The average annual temperature ranges from 22.3 °C, and an average rainfall of 2069 mm has been recorded. The greenhouse used was built by hand and has an area of 891 m2, covered with a low-density polyethylene and insect-proof screen on the side and roof opening (Figure 1a).



For data acquisition of climatic variables, a weather station (Vantage Pro2 Plus, Davis Instruments, Hayward, CA, USA) was installed 50 m northwest of the greenhouse location and 1.5 m high to record the environmental variables of solar radiation, RH, and temperature every 15 min (Table 1). In the greenhouse, 17 Temperature (°C) and RH (%) sensors (HOBO U10/003, Onset Computer Corporation, Bourne, MA, USA) were installed 1.65 m from the floor, divided into three perpendicular blocks and six lines parallel to the slope to analyse the differences in the slope and cross-section every 5 min (Figure 1b).



The monitoring period was from 2 October 2014 to 8 December 2014, using the WeatherLink© for Vantage Pro2TM (Davis Instrument, CA, USA) and HOBO(HOBO Inc., Bourne, MA, USA) version 3.7.3 computer package.



The outdoor weather station was 1.5 m above the ground. The sensors in the indoor greenhouse were placed at 1.65 m to allow them to record the air temperature data without the influence of the crops. The shield of the sensors was appropriate to the climate station.



Data recording and storage were recorded every 15 min for the weather station and every 5 min on the OOBSet HOBO sensors. The monitoring period was from 2 October 2014 to 8 December 2014, using the WeatherLink© computing package for Vantage Pro2TM and HOBO W version 3.7.3. The six lines of the sensor (axes) were separated, each 5.6 m, in the other directions (33 m); the separation was 10 m from the centre of the greenhouse (Figure 1).




2.2. Sampling and Data Acquisition


For the analysis of temperature and RH behaviour, the information from the sensors was grouped by axes and blocks, shown in Figure 1 in two intervals: daytime from 6:00 a.m. to 5:45 p.m., and night-time from 6:00 p.m. to 5:45 a.m. from 2 October to 8 December 2014, to allow a comparison between axes and to analyze the differences in the slope and between blocks in the cross-section to the slope.



In the first case, the frequency of hours with higher temperatures in the time interval during the sensor monitoring period was considered (Figure 2a). The chosen time was 12:30 p.m. instead of 5:45 p.m., as the maximum temperatures at 5:45 p.m. were during December, the month where the daily temperatures are the lowest of the year. The results showed that the highest temperature (20.3 °C) was at 12:30 p.m. on 23 October (Figure 2b).



The frequency of hours with the lowest temperature in the night interval during the sensor monitoring period was considered for the second case. The highest frequency of minimum recorded data was at 4:45 h. The date with the lowest temperature occurred on 7 November at 4:45 a.m. (12.0 °C) (Figure 3).



To broaden the view of the environmental behaviour of the greenhouse, two random dates were selected so that the analysis included at least one day of each month registered. The days selected were 6 October and 6 December 2014. Each day was evaluated considering the two hours evaluated in cases I and II. Table 2 shows the weather conditions recorded by the weather station of the six case studies (half-hourly average values used as an initial boundary condition of the computational model for each evaluated case).



To determine whether there are spatial variations in temperature and relative humidity in the greenhouse, an analysis of variance was performed using Tukey’s method and orthogonal contrasts, as well as the values of temperature and RH during the study days analysed in the direction of the slope (between axes) and the transverse direction (between blocks).





3. Results and Discussion


3.1. Statistical Analysis of Experimental Data


The analysis of variance for temperature and RH of the scenario is presented in Table 3. It is observed that there is no significant difference for both temperature and RH in the axes or blocks. The same happened for cases II, IIIA, IIIB, and IVB.



Table 4 shows the results of the analysis of variance for the IVA case. It is highlighted that only for this case, there are significant differences between axis 1 and axis 5, and axis 1 with axis 6. On the other hand, the values of the RH mean between axes and blocks did not present statistically significant differences [20].



From the above results, it can be concluded that there is not always a statistically representative thermal difference in the direction of the slope in the greenhouse built on a hillside. In none of the cases analysed were statistically representative differences of RH obtained in the direction of the slope. Furthermore, in the transverse direction of the slope, a statistically representative difference was obtained for temperature or RH in no case.




3.2. Temperature and RH Variation between Axes and between Blocks (Day Time)


Temperature and RH recorded by sensors in an experimental greenhouse during the scenarios presented in Table 1 show that for the day, the temperature distribution in axes for case I, IIIA, and IVA (Figure 4) showed that in all cases, there was a tendency of temperature increase in the direction of the slope, thermal difference prevailing in consecutive axes between the 3, 4 and 5 with a value of 1 °C to 2 °C. In case I, the thermal difference was 1.96 °C between axis 1 and axis 5; for case IIIA, it was 2.92 °C between axis 3 and axis 6, and in the case, IVA was 3.14 °C between axis 1 and 5. The RH distribution (Figure 3) shows that in case I, the RH difference was 7.93% between axis 1 and axis 4; for case IIIA, it was 6.55% between axis 2 and axis 5, and in the case, IVA was 9.58% between axis 1 and axis 5. However, for cases I and IIIA, temperatures were above 30 °C, outside the maximum recommended threshold for tomato development [20,21].



The IVA case (December) presents a uniform temperature within the recommended range. Regarding RH, the IVA case increases 20% compared to the other cases, an increase caused by the appearance of cold fronts during the winter season.




3.3. Night-Time Period


In case II, the thermal difference was 0.11 °C between axis 2 and 1. In case IIIB, it was 0.61 °C concerning axis 4, and in case IVB, the difference was 0.18 °C between axis 1 and 5. There is a higher temperature homogeneity than in the described cases of the diurnal interval (Figure 4). For RH (Figure 5), there is a tendency of an appreciable decrease in case II and IVB, of an appreciable decrease in axis 3, so in both cases, the moisture difference was lost from axis 2 to 3 with 11.25% 8.45%, respectively. For IIIB, a difference between axis 2 and axis 6 of 3.36% was obtained. However, the RH for all three cases exceeds the recommended maximum (50–70%), making it necessary to look for alternatives to reduce RH, avoid condensation inside the greenhouse and improve crop quality and yield.



The analysis by RH blocks in cases I, II, IIIA, IIIB, IVA, and IVB. There was an upward trend from block A to block C for cases I, IIIA, and IVA, with a difference between blocks of 3.3% for the case I, 3.79% for case IIIA, and 5.62% for IVA. While for cases II, IIIB and IVB, there was an increase from block A to B (Case I, 1.08 °C; Case IIIB, 0.99 °C; Case IVB, 1.41 °C) followed by a decrease in block C (Case I, 6.04%; Case IIIB, 0.92%; Case IVB, 4.02%).



Regarding the analysis by temperature blocks in case I, the most significant thermal difference was from block A to C (0.05 °C); in case II, it was from block A to B (0.15 °C); for case IIIA, it was from B to C (0.63 °C); in case of IIIB it was from A to C (0.37 °C); in case of IVA, it was from A to B (0.013 °C), and for case IVB it was from A to C (0.04).




3.4. Orthogonal Contrasts in the Slope Direction for Temperature and Relative Humidity


Orthogonal contrasts were performed to determine the effect of slope on temperature and RH, utilizing a statistical analysis grouping axes. If the contrasts are not orthogonal (p < 0.05), it implies covariance between them and is related to a certain degree. The results of the orthogonal contrasts are shown in Table 5 for temperature, which reflects that the IIIA and IVA cases obtained a significance greater than 0.05, so that for the IIIA case, contrast 1 (grouping axes 1, 2, and 3, and comparing them with axes 4, 5 and 6) obtained the most significant difference between groups, followed by contrast 2 (grouping axes 1, 2 and comparing them with axes 5 and 6) and finally contrast 3 (comparing axis 1 with axis 6). A higher significance value was obtained for the IVA case than in contrast 2, followed by contrast 1 and 3.



For RH, Table 6 shows covariance in the case IVA in contrast 1, but not in contrast 2 and 3.



According to the orthogonal analysis between axes, it is observed that most of the cases present independence between the mean temperature values of the groupings. The cases that are not orthogonal present a higher covariance between a more significant number of grouped axes, as in contrast 1, and not for individually related axes, as in contrast 3. This tendency is also reflected in the temperature and RH distribution results, where there is a more significant temperature difference between axes 3, 4, and 5 during the day, especially in the daytime interval.



Likewise, there are more significant differences in the slope direction for both variables, not in the cross-section. There is a tendency for the temperature to rise as the altitude increases due to differences in densities and difference in altitude between axes and, in turn, a decrease in RH. In blocks, there is a slight upward trend in relative humidity in the daytime interval and a drop in block C in the night-time interval. In the case of temperature for both intervals, spatial uniformity is observed.



According to Lopez [22], the most significant differences in a flat greenhouse were 2.3 °C temperature and 5.3% relative humidity. The most significant differences were 3.14 °C and 11.25% between greenhouse extremes concerning the results obtained.




3.5. Behavior of Temperature and RH in the Days of Study in Relation to the Needs of the Crop


According to Tesi [23], the optimal intervals of RH are between 65% and 70% for pepper and between 55% and 60% for tomato. In the case of pepper, the suggested temperature range is between 22 °C to 28 °C during the day, and 16 °C to 18 °C at night. For tomatoes, it is between 22 °C to 26 °C during the day and between 13 °C to 16 °C during the night.



The temperature and RH distribution on October 6 and 23, November 7, and December 6 are shown in Table 7. During the day, the crops were not inside the optimum temperature range for approximately four hours, which could cause a higher incidence of pests and a decrease in crop yield. In the night period, the temperature conditions remained in the optimum range for the tomato. However, the RH remained in the optimum range for two hours before noon and between one and two hours in the afternoon. On December 6, the RH was outside the optimal range for the tomato, and at night the humidity increased to values above the maximum recommended for both crops, derived from the temperature drop.



According to the distribution of temperature and RH over the days analysed, it was observed that the times out of range are very high, and these affect crop yields, with the direct consequence of a decrease in the profitability of agricultural activity.



According to Leal and Costa [5], essential processes such as photosynthesis, respiration, and other plant processes depend on temperature, affecting plant growth and reproduction.



During high temperatures, the cells collapse due to the drought they suffer, so the stomata close automatically, limiting the loss of more water. By closing the stomata, CO2 capture is reduced, causing a limitation of the photosynthesis process. Before a high temperature occurs, the plant stops its vegetative development. At low temperatures, proteins in plant cells precipitate and dehydrate.



In the case of RH, vapor pressure differences between leaf and air can increase evaporation losses, leading to wilting. Lack of humidity decreases pressure differences, and transpiration is intense. Low RH associated with high temperatures can cause leaf tip burn, and high RH stimulates the development of most germs and pathogenic organisms.



These aspects justify the need to generate tools that allow the correct design of protected environments according to the climate and define if it is necessary to resort to mechanical systems to correct the deficiencies that cannot be controlled utilizing the design with natural systems [24,25,26,27,28].



The presence of slopes in the soil influences the airflow; these conditions generate a loss of wind speed once the air enters the greenhouse causing it to be directed towards the roof windows in the opposite direction to the slope, with areas of low speed in the leeward side, as reported by Taloub et al. [29]; this effect is due to that during the day inside the greenhouse, there is a difference in temperature between the windward and leeward areas.



The behaviour of the greenhouse shows a temperature gain (areas with higher altitudes) for each of the scenarios studied during the day (12:30), where the air inside the greenhouse is heated by solar radiation, as demonstrated by [30]. This temperature increase is typical of structures on flat surfaces, where the thermal gradient is a function of the prevailing wind direction [31]. For this reason, it is necessary to study the thermal homogeneity of the greenhouses to reduce the effects caused when the maximum temperatures are higher than those recommended [32,33,34]. During the night (04:45), the thermal difference in the greenhouse was lower, given that the environmental heterogeneity depends on the level of solar radiation; these results are consistent with those reported by [31,34,35].





4. Future Analysis


One way to simulate the environment of a greenhouse to predict its thermal behaviour under natural ventilation conditions is by using the Computational Dynamic Fluid Computing (CFD) tool. Using computational models has allowed us to characterize and modify the variables that analytically affect greenhouse production [14]. In recent years, computational models have been used to simulate the thermal difference in different types of greenhouses [15,25,36,37], evaluating the effect of orientation [38], roofing material [20], airflow obstruction by vegetation, anti-insect proof mesh, and greenhouse length [26,38,39], looking for the increase in the renewal rate of air inside the greenhouse [27,28] and environmental comfort for the present crop.




5. Conclusions


The environmental analysis in the experimental greenhouse showed that there was not a stable stratification of the temperature, and RH in the direction of the slope was not found during the analysis period. The highest thermal difference within the greenhouse was presented in 3.14 °C in the slope direction and 0.63 °C in the cross-section direction. In the case of higher RH, it is 11.25% in the slope direction and 6.04% in the direction of the presented cross-section. Using the Tukey method and orthogonal contrasts, it was possible to demonstrate that 60.0% slope has no inference on the thermal difference in the greenhouse. For this reason, it is established that greenhouses on hillsides have a distribution very similar to that of greenhouses on a flat terrain. The design, height, length, and management are factors to be considered for the environmental comfort of the crops.



Most of the days analysed during the day were three consecutive hours outside the optimum temperature range for chili and tomato. In addition, during the entire night interval, they were outside the optimum RH for both crops, which could cause damage to the development and growth of the crops and increase the probability of growth of some pathogens. For this reason, it is established that greenhouses on hillsides have a distribution very similar to greenhouses on flat terrain, where the thermal gradient is a function of the prevailing wind direction. Therefore, it is necessary to study the thermal homogeneity of greenhouses to reduce the effects caused when maximum temperatures are higher than recommended, in order to seek future strategies to improve the design, height, length, and management, factors to be taken into account for the environmental comfort of the crops.
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Figure 1. (a) Dimensions of the experimental greenhouse and (b) Installation of the sensors. 
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Figure 2. (a) Frequency analysis of the hours with higher temperatures in the daytime period. (b) Temperature values at 12:30 p.m. of the daytime period. 
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Figure 3. (a) Frequency analysis of the hours with lower temperatures in the daytime period. (b) Temperature values at 04:45 am of the daytime period. 
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Figure 4. Variation of temperature (°C) and RH (%) for daytime period. 
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Figure 5. Variation of temperature (°C) and RH (%) for night-time period. 
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Table 1. Range of measured and precision of climate sensors.
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	Sensor
	Range of Work
	Precision





	Temperature
	−40 to 65 °C
	±0.5 °C



	Relative Humidity
	1 to 100%
	±3% y ±4% over 90%



	Radiation
	0 to 1800 W m−2
	±5%



	Wind velocity
	1 to 80 ms−1
	±5 ms−1



	Wind directions
	16 points of compass
	±5
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Table 2. Values of climatic variables considered in the case studies.
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Case

	
Date

	
Time

(h)

	
Temperature

(°C)

	
RH

(%)

	
Wind




	
Velocity

(m/s)

	
Predominant

Direction






	
I

	
23 October

	
12:30

	
20.3

	
85

	
2.2

	
SW




	
II

	
07 November

	
04:45

	
12.0

	
97

	
0.4

	
SW




	
IIIA

	
06 October

	
12:30

	
19.7

	
87

	
1.8

	
SE




	
IIIB

	
06 October

	
04:45

	
14.4

	
95

	
0.9

	
W




	
IVA

	
06 December

	
12:30

	
15.8

	
95

	
0.9

	
SE




	
IVB

	
06 December

	
04:45

	
15.2

	
96

	
0.9

	
NW
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Table 3. Tukey’s method for the case I analyses the temperature and relative humidity variance between axes and blocks.
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Temperature (°C)

	

	
RH (%)

	




	
Axis

	
Average

	
n

	
E.E.

	

	
Axis

	
Average

	
n

	
E.E.

	




	
1

	
30.59

	
2

	
1.01

	
a

	
1

	
50.06

	
1

	
5.74

	
a




	
2

	
30.71

	
3

	
0.82

	
a

	
2

	
49.55

	
3

	
3.31

	
a




	
3

	
31.53

	
3

	
0.82

	
a

	
3

	
49.72

	
2

	
4.06

	
a




	
4

	
32.48

	
3

	
0.82

	
a

	
4

	
42.13

	
2

	
4.06

	
a




	
5

	
32.55

	
3

	
0.82

	
a

	
5

	
43.53

	
3

	
3.31

	
a




	
6

	
31.8

	
3

	
0.82

	
a

	
6

	
47.36

	
3

	
3.31

	
a




	
Temperature (°C)

	

	
RH (%)

	




	
Block

	
Average

	
n

	
E.E.

	

	
Block

	
Average

	
n

	
E.E.

	




	
A

	
31.69

	
5

	
0.67

	
a

	
A

	
44.97

	
4

	
2.89

	
a




	
B

	
31.68

	
7

	
0.57

	
a

	
B

	
47.02

	
6

	
2.36

	
a




	
C

	
31.64

	
5

	
0.67

	
a

	
C

	
48.27

	
4

	
2.89

	
a








Means with a joint letter are not significantly different (p > 0.05).
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Table 4. Tukey’s method for the case IVA analyses the temperature and relative humidity variance between axes and blocks.
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Temperature (°C)

	

	
RH (%)

	




	
Axis

	
Average

	
n

	
E.E.

	

	
Axis

	
Average

	
n

	
E.E.

	




	
1

	
22.04

	
2

	
0.55

	
a

	
1

	
68.56

	
1

	
4.41

	
a




	
2

	
23.11

	
3

	
0.45

	
ab

	
2

	
66.88

	
3

	
3.6

	
a




	
3

	
23.72

	
3

	
0.45

	
ab

	
3

	
65.85

	
2

	
4.41

	
a




	
4

	
24.12

	
3

	
0.45

	
ab

	
4

	
59.74

	
2

	
3.6

	
a




	
5

	
25.18

	
3

	
0.45

	
a

	
5

	
58.98

	
3

	
3.6

	
a




	
6

	
24.88

	
3

	
0.45

	
a

	
6

	
60.07

	
3

	
3.6

	
a




	
Temperature (°C)

	

	
RH (%)

	




	
Block

	
Average

	
n

	
E.E.

	

	
Block

	
Average

	
n

	
E.E.

	




	
A

	
23.88

	
5

	
0.58

	
a

	
A

	
59.35

	
4

	
3.24

	
a




	
B

	
24.01

	
7

	
0.49

	
a

	
B

	
63.37

	
6

	
2.45

	
a




	
C

	
23.92

	
5

	
0.58

	
a

	
C

	
64.97

	
4

	
2.9

	
a








Means with a joint letter are not significantly different (p > 0.05).
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Table 5. Significance of orthogonal contrasts of temperature values.
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	Axis Grouping

Contrast
	1–2–3/4–5–6

(1)
	1–2/5–6

(2)
	1/6

(3)





	Case I
	0.0824
	0.1076
	0.3704



	Case II
	0.7833
	0.6896
	0.9441



	Case IIIA
	0.0067(p < 0.05)
	0.007 (p < 0.05)
	0.045 (p < 0.05)



	Case IIIB
	0.2476
	0.7794
	0.7708



	Case IVA
	0.0007 (p < 0.05)
	0.0003 (p < 0.05)
	0.0021 (p < 0.05)



	Case IVB
	0.2864
	0.1777
	0.3585
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Table 6. Significance of orthogonal contrasts of RH values.
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	Axis Grouping

Contrast
	1–2–3/4–5–6

(1)
	1–2/5–6

(2)
	1/6

(3)





	Case I
	0.1395
	0.3141
	0.694



	Case II
	0.2859
	0.9424
	0.8291



	Case IIIA
	0.1199
	0.2156
	0.5903



	Case IIIB
	0.0890
	0.1552
	0.7830



	Case IVA
	0.04 (p < 0.05)
	0.0576
	0.1672



	CasoeIVB
	0.5855
	0.4823
	0.6848
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Table 7. Temperature and RH recorded inside the greenhouse during the case studies.
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Axis

	
Date

	
Day Time Period

	
Night-Time Period




	
Tmax

(°C)

	
RH (%)

	
Tmin

(°C)

	
RH (%)






	

	
6 October

	
31.04

	
45.60

	
14.04

	
97.42




	
1

	
23 October

	
30.81

	
46.24

	
13.08

	
96.13




	

	
7 November

	
31.59

	
44.59

	
11.71

	
97.73




	

	
6 December

	
22.06

	
69.01

	
14.94

	
98.27




	

	
6 October

	
30.63

	
48.40

	
14.16

	
99.87




	
2

	
23 October

	
31.22

	
44.68

	
13.65

	
98.25




	

	
7 November

	
33.01

	
39.18

	
12.18

	
100.00




	

	
6 December

	
23.11

	
67.46

	
15.04

	
99.28




	

	
6 October

	
30.24

	
48.71

	
14.16

	
98.78




	
3

	
23 October

	
31.84

	
40.16

	
13.89

	
96.15




	

	
7 November

	
33.89

	
39.44

	
12.23

	
88.75




	

	
6 December

	
23.75

	
66.14

	
15.09

	
90.86




	

	
6 October

	
31.74

	
48.82

	
14.24

	
97.22




	
4

	
23 October

	
33.19

	
40.62

	
13.95

	
94.34




	

	
7 November

	
35.40

	
31.20

	
12.22

	
99.94




	

	
6 December

	
24.13

	
59.64

	
15.06

	
96.72




	

	
6 October

	
33.26

	
41.92

	
14.23

	
97.49




	
5

	
23 October

	
33.39

	
39.71

	
13.87

	
95.10




	

	
7 November

	
36.29

	
32.13

	
12.16

	
99.22




	

	
6 December

	
25.17

	
59.37

	
15.10

	
97.64




	

	
6 October

	
33.48

	
43.07

	
14.19

	
96.47




	

	
23 October

	
32.77

	
43.07

	
13.88

	
94.34




	
6

	
7 November

	
37.44

	
32.59

	
12.12

	
99.40




	

	
6 December

	
24.89

	
60.39

	
15.00

	
96.89

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Higher temperature frequency

30 pm (°C)

Temperature at 12

12:30, 7 17:45,7
a)
PR S ST SV SR < S S~ S S~ S S S S S S ST
AN T S A T B S - A
Higher temperature hours
1 23-Oct; 20,3 °C |
21 b) ./
e}
20
e o $'41 o
19 2 & e}
o o o
o
18 (@) ‘ . .
o (@]
17 |®. @ P iR o o™ : s
o® e o® £ 3 i : ,
o e @ © ® o ‘0@
16 o ® % ; :
14 o g @
o
13
03-oct 13-oct 23-oct 02-nov 12-nov 22-nov 02- dec 12-dec

Date





nav.xhtml


  processes-10-00693


  
    		
      processes-10-00693
    


  




  





media/file2.png
a)

15m

Roof opening

\o

Line of sensor )

— Pepper

- ——- Tomate

@ Axis 4

A Axis1
¥ Axis2

= Axis 5

@ Axis 6

o Axis 3






media/file5.jpg
04:45,8

Lower temperature frecuency

ST . S SR NN FCIR N

Lower temperature hours

b

e %% o

°
e
.
°
[07:nov; 12°C
n
Odoct 3ot 2ot O2nov  iznov  22nov  Oxdec  12dec

ere.





media/file3.jpg
1230,7 17:45,7

Higher temperature frequency

o
@@@ §~P & 'AP @ #\1&0’9(’@ S '-P§ 's“~§ 4 '»P
e sampartrm e
23.005203°C|
2
20
E
£
S‘ 18
L
3
HES
£
£
5
Obot  1nect 3ot Ovmov  irno  22nev  ordec  1zdec

provey





media/file1.jpg
Roof opening _
o.15m

® Auss

- s
® Aise






media/file7.jpg
Temperature (°C)

33
30
2
u
2
18
15
2

100

%
e

0
‘/‘,.-—;:N{H Sn %

Z 60 <

3 1,

25 d

%

W /)

12 3 a4 s 6 12 3 a4 s

Sensor position

Sensor position





media/file10.png
33
30
27
24
21
18

Temperature (°C)

100 cas C
- @@
2‘3.90 (p;,e
o
£ 80
=
370
Q
= 60

case IVB | ' | g

: ' case |IB i i e 50

o - ZE'SE”Q .
1 2 3 4 o5 6 1 2 3 4 5 6

Sensor position Sensor position





media/file9.jpg
Temperature (°C)

33
30
27

12

case VB

a

e ————
e B
A Y

s

Relative humicity(%)
8 38 88

casgIVB o casell
LR i
s

)

2

3 4

Sensor position

5

6

i 2 @ a5 %
Sensor position





media/file0.png





media/file8.png
Temperature (°C)

33
30
27
24
21
18
15
12

1 2z 3 4 5 &
Sensor position

100

90

80

70

60

Relative Humidity (%)

50

40

1 2 3 4 5 6
Sensor position





media/file6.png
Lower temperature frecuency
O B N W A U O N 00 WO

Temperature at 4:45 a.m. (°C)

a)

04:45, 8

N
FLAPLLLAL S PS PSP PSP P

Lower temperature hours

17 b)
16 o
© * e :
Eim ®: o] .
15 | L O o L R @ _ 0eg: P4
e o ®; o X & ® og.
S
® ° @] .. ‘ i 1
13 ® '
12 @ o o)
[07-nov; 12 °c]
11 - -
03-oct 13-oct 23-oct 02-nov 12-nov 22-nov 02- dec 12-dec

Date





