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HIGHLIGHTS:
Transparent and milky films resulted in higher temperatures (45 °C).
The diffuser film resulted in lower temperature and relative air humidity.
Transparent and milky coverings promote in higher temperature and lower relative air humidity during the hottest times of the day.

ABSTRACT: Adequate thermal comfort for plant growth in protected environments is associated with properties of
translucent coverings. This study investigated the influence of three types of plastic films (diffuser, transparent, and
milky) at three agricultural greenhouses in Fortaleza city, CE, Brazil. The objective of this study was to analyze air
temperature and relative air humidity conditions, seeking recommendations to optimize plant growth performance
in greenhouses. Ten monitoring stations were distributed, three for each plastic covering and one external; readings
were taken 2 m above the ground level, using temperature and relative air humidity sensors (SHT31). Data were
collected from July 11 to July 27, 2023, with readings every 5 min (totaling 12 readings per hour) and subsequently
processed through linear regression. The tested coverings resulted in different temperature and relative air humidity
during early morning hours (1 and 5%). The comparison between diffuser and transparent, and diffuser and milky
films showed differences at 5 and 1%, respectively, while transparent and milky films did not show differences. The
diffuser film exhibited lower temperature variations throughout a 12-hour period. The diffuser covering provided
the lowest temperatures and smaller variations throughout the day, which was significantly different from milky
and transparent films during warmer hours. These results provide valuable information for optimizing conditions
in agricultural greenhouses, contributing to sustainable and efficient practices in protected cultivation.

Key words: IoT, real-time monitoring, protected cultivation, agricultural meteorology

RESUMO: O conforto térmico adequado para o cultivo de plantas em ambientes protegidos esta intrinsecamente
ligado as propriedades das coberturas translicidas. Este estudo investigou a influéncia de trés tipos de filmes plasticos
(difusor, transparente e leitoso) em trés estufas agricolas em Fortaleza, CE. O objetivo foi analisar as condi¢des
de temperatura e umidade relativa do ar, buscando recomendagdes para otimizar o desempenho das estufas. Dez
estacdes de monitoramento foram distribuidas, trés para cada cobertura plastica e uma externa; as leituras foram
coletadas a 2 m de altura sendo equipadas com sensores de temperatura e umidade relativa do ar (SHT31). A coleta
de dados ocorreu de 11 a 27 de julho de 2023, com leituras a cada 5 min (totalizando 12 leituras por hora), tratadas
posteriormente por regressao linear. Diferencas significativas nas madrugadas (1 e 5%) entre as coberturas para
temperatura e umidade relativa do ar foram observadas. Comparando os filmes, difusor x transparente e difusor x
leitoso mostraram diferengas a 5 e 1%, respectivamente, enquanto transparente x leitoso nao apresentaram diferencas.
Durante o periodo das 12 horas, o filme difusor exibiu menores variagdes de temperatura. Conclui-se que a cobertura
difusora proporcionou as menores temperaturas e menores variagdes ao longo do dia, sendo estatisticamente diferente
dos filmes leitoso e transparente nos horarios mais quentes. Esses resultados oferecem percepgdes cruciais para
otimizar as condi¢des em estufas agricolas, contribuindo para praticas eficientes de cultivo protegido.

Palavras-chave: IoT, monitoramento em tempo real, cultivo protegido, meteorologia agricola
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INTRODUCTION

Brazil has large territorial area and significant climate
diversity. Thus, the use of protected environments is an
important technique to enhance agricultural production in the
country. These environments allow for the control of essential
climatic factors, such as temperature, relative air humidity,
solar radiation, and wind, although they require substantial
investment in energy and infrastructure (Rebougas et al., 2015;
Mishra et al.,, 2023). Controlling these variables is essential
for increasing the volume and quality of cultivated products.

Additionally, the materials and technologies used in
greenhouses allow for the passive manipulation of incident
sunlight, promoting the transmission of an ideal light spectrum
for crop growth (Feng et al., 2024; Shi et al., 2024). Such a
practice not only increases crop yields but also facilitates
the management of the internal microclimate of agricultural
greenhouses, resulting in reduced energy consumption (Mishra
et al., 2023).

According to Jamil et al. (2022), technology advancements
allow for safe monitoring and surveying of agricultural
practices based on informed decisions, ensuring greater
efficiency and positive outcomes in the field. For example,
Subahi & Bouazza (2020) developed an Internet of Things
(IoT)-based system to control and monitor temperature in
agricultural greenhouses, demonstrating the potential of these
technologies to improve agricultural practices.

Constant monitoring of growing conditions is essential to
assess and choose the best practices, such as the material used
and height to grow the plants, since air temperatures in plastic
greenhouses can vary significantly vertically (Li et al., 2022;
Chen & Yin, 2024; Li et al., 2024). These thermal fluctuations
can cause severe production losses and compromise product
quality (Oliveira et al., 2023).

Thermal fluctuations are more intense during the hottest
hours of the day. Li et al. (2024) observed that the difference
between the air temperature near the plastic surface and inside
the greenhouse peaked at 13.3 °C at 12:00h., whereas the
difference was only 2 °C at 9:00h.

Climate variations throughout the day affect crop
development in different ways. Several factors, including wind
and high temperature fluctuations, can result in significant
production losses and compromise product quality (Oliveira
et al., 2023; Kim et al., 2024).

In this context, the objective of this study was to investigate
and correlate microclimatic effects of different plastic films in
protected environments for understanding their implications
in agricultural production.

MATERIAL AND METHODS

The study was conducted at the experimental area of the
Hydraulics and Irrigation Laboratory of the Department of
Agricultural Engineering of the Federal University of Ceard
(UEC), Pici campus, Fortaleza city, CE, Brazil (3° 45’ S, 38°
33" W, and altitude of 19 m) (Figure 1). The region’s climate
was classified as Aw, according to the classification of Képpen
(1918).
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Figure 1. Location area of the three greenhouse modules

The data collection stations were developed at the
Laboratory of Electronic and Agricultural Mechanics (LEMA).
Ten stations were build using 32 mm diameter PVC pipes
for sensor installation (Figure 2). These stations were placed
inside and outside the greenhouse to record climate variations
throughout the days.

The data collection stations (Figure 3) were strategically
distributed with the following configuration: each station was
equipped with four temperature and relative air humidity sensors
(SHT 31), positioned at heights of 1, 2, 3, and 4 m in the central
station, and at heights of 1, 2, and 3 m in the side stations.

Figure 2. Outdoor data collection station with four sensors
installed at heights of 1, 2, 3, and 4 m above the ground level

Figure 3. Distribution of data collection stations for
greenhouses covered with diffuser, transparent, and milky films
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Three collection stations were installed at each greenhouse,
totaling nine stations across the three greenhouses. All stations
had sensors positioned at heights of 4 and 3 m.

The location of the side stations had a lower ceiling height;
thus, the sensors were positioned at heights of 1, 2, and 3 m,
totaling three sensors per station. Data were obtained from an
ESP32 board connected to sensors via wires inside tubes and
written to a Google Sheet spreadsheet in the cloud and in a
Secure Digital Card (SD card).

The use of sensors to measure temperature and relative
air humidity, as recommended by the World Meteorological
Organization (WMO, 2008), requires a protective shield for
these sensors from direct exposure to solar radiation. Thus,
protective shields with dimensions of 32 mm at the top and
74 mm at the bottom were built to prevent direct sunlight
incidence on external and internal sensors (Figure 4).

Temperature and relative air humidity were monitored
using a SHT31 sensor (Sensirion). This sensor features a
I2C communication, a technology that utilizes dual-sensing
condensation (dew point) and digital communication
configurations; thus, temperature and relative air humidity
values are processed internally (Sensirion, 2023).

I2C (Inter-Integrated Circuit) communication is a
type of synchronous communication protocol used for
intercommunication between various devices (Oliveira, 2017;
Sparkfun, 2023). This type of communication is bidirectional,
allowing communication between microcontrollers or between
“master” and “slave” devices using only two communication
lines: one is the Serial Data Line (SDA) and the other is the
Serial Clock Line (SCL). This communication between multiple
devices is a significant advantage over other protocols such as
UART and SPI (Oliveira, 2017; TOPGADGET, 2023).

The sensor used in the research has an accuracy of
approximately 2% for relative air humidity. Its operational

Figure 4. Protective shields built to protect the sensors in data
collection stations

range varies from 0 to 100%, and its response time for relative
air humidity is 8 s, according to the manufacturer (Sensirion,
2023). Its voltage ranges from 2.15 to 5.5 V, and the average
supplied current is 1.7 pA. Its advantages include low power
consumption and compact size, making it widely used for
academic works (Hernandez-Morales et al., 2022).

Data collection boards were composed of an ESP32
responsible for data collection, code processing, and data
transmission to the cloud, a micro-SD memory card, a SdCard
module for data storage, and a multiplexer responsible for
connecting to the sensors of the data collection station (PCD)
and sending data to the ESP32. The circuit boards were
development as shown in Figure 5, which includes an ESP32
board, a multiplexer, a SdCard, and a battery. Subsequently,
connections were made to each output and input pin.

After the development and assembly of boards, a
programming language in Javascript was created, along with
an online Google Sheets spreadsheet (Figure 6).

A plastic box with dimensions of 36.0 x 27.0 cm was used
to protect the circuit board that receive the data generated by
the sensors (Figure 7).

The box was internally equipped with an ESP32
microcontroller responsible for programming, and wi-fi and
Bluetooth connectivity; a RTC module with real-time clock;
a SD card module used for data storage; and a T29548A 12C

Figure 5. Schematics of the boards for temperature and relative
air humidity data collection (PCB)

Figure 6. Spreadsheet used for registration and cloud storage of temperature and relative air humidity data
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Figure 7. Protective box used for shielding the circuit board

multiplexer with 1 to 8 channels to allow connections of more
sensors. The system was powered by a 12 V battery connected
to a solar panel responsible for charging the battery. Figure 8
illustrates the components used for the circuit board (PCB).

The three plastic coverings evaluated were made of low-
density polyethylene diffuser, milky, and transparent films.
According to specialized companies in plastic films for
protected environments, such as Tropical Estufas, Paperplast
(2023), and Oliveira (2024), the plastic films have the following
characteristics:

Diffuser Film M36 Clean: diffuser film that have thermal
properties that provide uniform light distribution, a thickness
of 150 microns, 70% diffuse light, and 85% transmissivity.
Milky film GINEGAR Imported 120 microns: milky film that
have a thickness of 120 microns and features UV protection.
According to Katsoulas et al. (2020), when a plastic material
absorbs ultraviolet radiation, it is referred as anti-UV.

Extra Long Life Transparent Film: Transparent plastic
film that have a thickness of 150 microns, allowing 100% UV
transmission (without anti-UV protection). Side Screens Used
in Greenhouses: the side screen used in the greenhouses was
a Lahuman anti-aphid 50-mesh screen.

The experiment involved the construction of three
independent greenhouse modules, with a fixed height of 3 m
and an arch radius of 1.5 m, totaling a height of 4.5 m. Metal bars
of 60 x 40 x 2 mm were used to separate the modules, which
were welded and cut to reach 7 m in width and 4 m in length.

Figure 8. SDC Module (A), RTC Module (B), SHT 31 Sensor
(C), ESP32 Wroom-32 Devkit V1 (D), and T29548A 12C
Multiplexer (E)
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A.

Figure 9. Greenhouse used as a base for the assembly of
independent modules (A) and separation of the three modules
with the assembled structure (B)

Figure 9A illustrates the greenhouse model used as a base
for the installation of the coverings. Figure 9B shows the three
models with dimensions of 7 x 4 m and a height of 3 m that
were used in the experiment.

The central base was used as a reference for the simultaneous
statistical analysis of the greenhouses, according to the following
distributions: diffuser film (T2 and H2), transparent film (H2
and T2), and milky film (H2 and T2) for the measurement of
temperature and relative air humidity at 2 m height.

The data were subjected to Kruskal-Wallis non-parametric
analysis of variance (ANOVA). This test is a robust alternative
to parametric ANOVA, suitable for non-normal or ordinal
data (Maroco, 2018).

All collected data of temperature and relative air humidity were
treated for a better understanding. The Shapiro-Wilk statistical
test was used to assess the normality of the data. Dependent
variables were represented as internal and independent variables
were represented as external for generating the equations. The H2,
H4, T2, and T4 collected in the greenhouses 1, 2, and 3 were the
internal variables and the outdoor data from H2, H4, T2, and T4
were the external variables.

Multiple comparison test, Dwass-Steel-Critchlow-
Fligner (DSCF) test, was carried out to identify groups with
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significant differences. The free statistical program JAMOVI
2.4.11 was used for the analyses. Visual Studio Code and
Python 3.12.0 were used as programming language for
generating the graphs.

RESULTS AND DISCUSSION

The results of the Shapiro-Wilk normality test are shown
in Table 1.

A normality test with a p-value less than 0.01 indicates
that the data are not normally distributed. The median was
the same for the diffuser and transparent films, and showed
a variation of 0.4 for the milky covering; the lowest standard
deviation was 4.82 for the diffuser film, and the highest were
6 and 6.23 for the transparent and milky films, respectively.

Figure 10 shows an analysis of the median in relation to
data distribution. The Boxplot graph shows the first quartile
between temperatures of 26 and 28 °C, with means of 30 °C
(diffuser film), 31 to 32 °C (transparent film), and 30 to 31.5
°C (milky film).

The highest temperature variations were found for
Greenhouses 2 (transparent film) and 3 (milky film), with
values close to 45 °C, which may be exceptionally high. Both
greenhouses showed higher dispersion values for the upper
quartile. However, the transparent covering resulted in a
higher mean temperature (approximately 33.5 °C). According
to Zou et al. (2023), greenhouse covering materials lack
spectral selectivity, and the transmittance is usually similar
for photosynthetically active radiation and near-infrared
radiation. This results in a high environmental temperature
in the greenhouse.

The lowest relative air humidity was found for the diffuser
film (Table 1), and the largest variations were found for the

Table 1. Normality test for temperature at 2 m for diffuser,
transparent, and milky films

** - Significant at p < 0.01 by the Shapiro-Wilk test

Figure 10. Boxplot for temperature at 2 m under diffuser
(Greenhouse 1), transparent (Greenhouse 2), and milky
(Greenhouse 3) coverings

transparent- and milky-covering greenhouses. Considering
the median, the milky covering presented the lowest relative
air humidity, from 78 to 80%, whereas the relative air humidity
by the diffuser and transparent films ranged from 80 to 81%.

Considering the mean, the lowest relative air humidity was
found for the transparent covering, ranging between 74 and
75%, while the diffuser film resulted in a relative air humidity
of approximately 70%. The transparent film showed the highest
dispersion from the median, with the lowest quartile reaching
45% relative air humidity (Figure 11).

The analysis of variance showed the statistical differences
of the coverings in temperature and relative air humidity at 2
m (T2 and H2) during the analyzed time intervals (Table 2).

All variables showed significant differences at p < 0.01;
however, the € (partial eta squared) were closer to 1 during
the colder time intervals, highlighting a strong effect of the
independent on the dependent variables. Contrastingly, during
the warmer time intervals, the &* were closer to 0, indicating
that independent variables had no significant effect on the
dependent variables.

The analysis of multiple comparisons, using the Dwass-
Steel-Critchlow-Fligner test, revealed that the coverings
differed from each other, with a significance level of 1%. The
results showed that the diffuser, transparent, and milky films
presented statistical differences at the 1% level (Table 3).

Figure 11. Boxplot for relative air humidity at 2 m under
diffuser (Greenhouse 1), transparent (Greenhouse 2), and
milky (Greenhouse 3) coverings

Table 2. Kruskal-Wallis test for air temperature and relative
air humidity under diffuser, transparent, and milky films at 2
m (T2 and H2) at 0, 3, 9, 12, 15, and 21 hours

** _ Significant at p < 0.01 by the Kruskal-Wallis test; €* - Eta Square; DF - Degrees of
freedom; X? - Chi-Square

Rev. Bras. Eng. Agric. Ambiental, v.29, n.6, €286458, 2025.
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Table 3. Multiple comparisons between diffuser, transparent,
and milky films for temperature at 2 m at 0:00h

** - Significant at p < 0.01 by the Dwass-Steel-Critchlow-Fligner (DSCF) test

The relative air humidity differed significantly between
treatments (Table 4), with statistically significant differences
at p <0.001.

The results indicated a high difference between the analyzed
collection stations for relative air humidity. During the early
morning hours, the coverings were different from each other at
a 1% level. Tables 5 and 6 show that the coverings significantly
differed in temperature and relative air humidity at a 1% level,
throughout the nights.

The comparison at 9:00h (Table 7) showed statistical
differences, mainly at a significance level of 1%. The greatest
differences were found between the diffuser and transparent
films, and between the diffuser and milky films.

These results indicate that the diffuser film results in higher
temperature variations compared to the transparent and milky
films. The transparent film did differ from the milky film at 5%
level. Similar values were observed for relative air humidity
(Table 8).

The milky and transparent films did not present microclimatic
variation in relative air humidity for the 9:00h interval. The
diffuser film was the only one that showed variations in
temperature and relative air humidity (Tables 7 and 8).

Table 4. Multiple comparisons between diffuser, transparent,
and milky films for relative air humidity at 2 m at 0:00h

** - Significant at p < 0.01 by the Dwass-Steel-Critchlow-Fligner (DSCF) test

Table 5. Multiple comparisons between diffuser, transparent,
and milky films for temperature at 2 m at 3:00h

** - Significant at p < 0.01 by the Dwass-Steel-Critchlow-Fligner (DSCF) test

Table 6. Multiple comparisons between diffuser, transparent,
and milky films for relative air humidity at 2 m at 3:00h

** - Significant at p < 0.01 by the Dwass-Steel-Critchlow-Fligner (DSCF) test

Table 7. Multiple comparisons between diffuser, transparent,
and milky films for temperature at 2 m at 9:00h

** - Significant at p < 0.01, and ns - Not significant by the Dwass-Steel-Critchlow-Fligner
(DSCEF) test
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Table 8. Multiple comparisons between diffuser, transparent,
and milky films for relative air humidity at 2 m at 9:00h

* - Significant at p < 0.05, and ns - Not significant by the Dwass-Steel-Critchlow-Fligner
(DSCEF) test

The analyses at 12:00h showed differences in temperature
between the diffuser and milky film ata 1% level, and between
the diffuser and transparent film at a 5% level.

However, the comparison between the transparent and
milky coverings showed no statistical variations at 5% level,
indicating that temperature did not differ between transparent
and milky coverings at 12:00h (Tables 9 and 10).

The relative air humidity at 12:00h differed between the
diffuser and transparent films and between the diffuser and
milky films, at 1% level (Table 10).

The diftuser film of Greenhouse 1 and the transparent film
of Greenhouse 2 tended to maintain temperature and relative
air humidity fluctuations at the 3:00h interval (Table 11).
However, the transparent covering differed from the milky
film at a 5% level, indicating that the transparent covering
of Greenhouse 2 is different from the milky covering of
Greenhouse 3 at this specific time.

The relative air humidity under the transparent and milky
coverings was different at a 1% level (Table 12). However,
the other greenhouses showed differences at 5% level. This
reinforces the idea that the transparent and milky coverings
present smaller variations in relative air humidity.

A significant difference (p < 0.01) was observed between the
greenhouses regarding temperature at colder times (Table 13).

The diffuser differed from the milky and the transparent
differed from the milky film at a significance level of 1%, (Table
14). The cooling peak varied; the diffuser film has a slower

Table 9. Multiple comparisons between diffuser, transparent,
and milky films for temperature at 2 m at 12:00h

* - Significant at p < 0.05, ** - Significant at p < 0.01, and ns - Not significant by the
Dwass-Steel-Critchlow-Fligner (DSCF) test

Table 10. Multiple comparisons between diffuser, transparent,
and milky films for relative air humidity at 2 m at 12:00h

** - Significant at p < 0.01, and ns - Not significant by the Dwass-Steel-Critchlow-Fligner
(DSCF) test

Table 11. Multiple comparisons between diffuser, transparent,
and milky films for temperature at 2 m at 15:00h

* - Significant at p < 0.05, ** - Significant at p < 0.01, and ns - Not significant by the
Dwass-Steel-Critchlow-Fligner (DSCF) test
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Table 12. Multiple comparisons between diffuser, transparent,
and milky films for relative air humidity at 2 m at 15:00h

* - Significant at p < 0.05 and ** - Significant at p < 0.01 by the Dwass-Steel-Critchlow-
Fligner (DSCF) test

Table 13. Multiple comparisons between diffuser, transparent,
and milky films for temperature at 2 m at 21:00h

* - Significant at p < 0.05 by the Dwass-Steel-Critchlow-Fligner (DSCF) test

Table 14. Multiple comparisons between diffuser, transparent,
and milky films for relative air humidity at 2 m at 21:00h

* - Significant at p < 0.05 and ns - Not significant by the Dwass-Steel-Critchlow-Fligner
(DSCF) test

cooling capacity, and the transparent and milky films had
greater decreases in temperature.

The temperature at 2 m height for the diffuser and
transparent films showed minor variations (Figures 12A and
B); similar results were found by Paradiso et al. (2023).

A.

Temp. - Temperature; Humid. - Relative air humidity

The diffuser film exhibited a lower temperature peak
between the 09:00h and 15:00h, as shown by the ANOVA. The
diffuser film has the capacity to evenly distribute light within
the interior (Li & Yang, 2015), as shown by the comparisons.
Similarly to temperature, relative air humidity showed lower
results for the transparent film, reaching 35% (Figure 12B). The
transparent and milky films had higher temperature peaks than
the diffuser film, as shown by the ANOVA (Table 2).

Al-Madani et al. (2024) reported that diffuser films can
maintain higher relative air humidity levels and lower internal
temperatures; similar results were found in the present study
(Figures 13A and B). The milky film differed from the diffuser
film during night-time intervals, which was not found between
the diffuser and transparent films (Figures 13A and B).

The transparent and milky film showed lower relative air
humidity compared to the diffuser film (Figure 13B). ANOVA
analysis for temperature showed no significant differences
between the transparent and milky coverings. Figures 14A and
B show the temperature for the transparent and milky films,
which did not exhibit significant oscillations.

The temperature and relative air humidity found (Figures
14A and B) showed minimal fluctuations for the diffuser and
milky coverings. The diffuser film resulted in lower variations
in temperature and relative air humidity throughout the day,
whereas the milky film exhibited peaks in temperature and
relative air humidity over the analyzed hours.

Figure 12. Variations in internal temperature (A) and relative air humidity (B) at 2 m height in greenhouses covered with

diffuser and transparent films

A.

Temp. - Temperature; Humid. - Relative air humidity

Figure 13. Internal temperature (A) and relative air humidity (B) of greenhouses covered with diffuser and milky films

Rev. Bras. Eng. Agric. Ambiental, v.29, n.6, €286458, 2025.
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Temp. - Temperature; Humid. - Relative air humidity

Figure 14. Internal temperature (A) and relative air humidity (B) in greenhouses covered with transparent and milky films

Statistical analyses showed that the diffuser film resulted
in the lowest temperatures and differed from the others
in temperature and relative air humidity throughout the
experiment. The diffuser film resulted in a more uniform
temperature compared to the transparent and milky films in
the internal environment.

The transparent film exhibited higher daytime temperatures
compared to the diffuser film, presenting a difference of
approximately 3.8 °C. The highest temperature peaks were
found for the milky plastic covering, approximately 45 °C, with
the greatest temperature and relative air humidity fluctuations
over the nighttime hours.

CONCLUSIONS

1. The diffuser film resulted in the lowest temperature peaks
and highest relative air humidity in greenhouses. The transparent
and milky coverings resulted in higher temperature peaks and
lower relative air humidity during the hottest times of the day.

2. The diffuser film showed to be able to distribute
temperature more evenly compared to the other analyzed
coverings.
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